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STUDY OF SURFACE PITOTS FOR MEASURING TURBULENT 


SKIN FRICTION AT SUPERSONIC MACH NUMBERS - 
ADIABATIC WALL 

By Edward J. Hopkins and Earl R. Keener 
Ames Research Center 


SUMMARY 


Two types of surface pitot tubes were investigated for measuring local 
turbulent skin friction at supersonic speeds. These tubes consisted of a cir- 
cular tube, called a Preston tube, and a two-dimensional blade over a static 
orifice, hereinafter called a Stanton tube. They were calibrated in air 
against the measured skin friction throughout a Mach number range from 2.4 to 
3*4 and a Reynolds number range from about 1 6 to 100 million. The boundary 
layer in which the surface tubes were mounted varied in thickness from about 
5 to 7 inches, and the wall temperature was close to adiabatic. The surface 
pitot data are presented on the basis of several calibration factors that have 
been used in the past and on the basis of a newly developed calibration factor. 

The new calibration factor collapsed the supersonic Preston tube results 
onto a single calibration curve, which is invariant with changes in Reynolds 
number, Mach number, or tube size within wide limits. This curve is the same 
as Preston* s incompressible curve. 

It was found that the calibration curve for the Stanton tube was affected 
by the streamwise position of the tube leading edge relative to the static 
orifice over which it was mounted. 

In addition to the surface tube calibrations, some existing local skin- 
friction results, measured for turbulent boundary layers on adiabatic flat 
plates, are compared with theoretical values on the basis of equal momentum 
thickness Reynolds numbers throughout a Mach number range from 0.06 to 6.7- 
In general, the theory of Wilson and the T* method of Sommer and Short 
bracketed all the experimental skin-friction data of both past and present 
investigations . 


INTRODUCTION 


Skin-friction drag is a significant part of the total drag for a typical 
supersonic transport flying near maximum lift-to-drag ratio (about 35 percent 
of the total drag at a Mach number of 3-0); therefore, accurate knowledge of 
this drag component is important for this type airplane. One simple way to 
measure the local skin friction on airplanes at high Reynolds numbers is with 


calibrated surface pitot tubes. Obviously , the use of surface pitot tubes for 
obtaining accurate values of skin friction in flight has a considerable advan- 
tage over the use of skin-friction balances, which would be more difficult to 
install and would need to be insensitive to temperature, vibration, and 
acceleration. 

An accurate calibration of a surface pitot tube depends upon how accu- 
rately the local skin friction can be measured. In recent years, several 
direct measuring skin-friction balances have been perfected for use at both 
subsonic and supersonic speeds. Schultz -Grunow made some of the earliest 
successful direct measurements with a skin-friction balance at subsonic speeds 
(ref. l) . More recently, direct measurements of the skin friction were made 
at low speeds by Liepmann and Dhawan, by Dhawan, and by Smith and Walker 
(refs. 2 through 4). At supersonic speeds, skin-friction balances have been 
used in numerous investigations reported in references 5 through 11. In gen- 
eral, skin-friction balances have been used successfully in wind tunnels in 
which the floating surface element can be relatively large to give large 
values of the local shearing stress; therefore, an accurate calibration of a 
surface pitot against readings from these skin-friction balances can be 
obtained in a wind tunnel. 

The use of a surface impact tube was first reported by Stanton, Marshall, 
and Bryant in 1920 (ref. 12) . In their investigation, the surface pitot con- 
sisted of a two-dimensional tube with an adjustable upper wall for changing 
the tube height. This type of surface pitot has become commonly known as a 
Stanton tube . They used such a tube to deduce the existence of the laminar 
sublayer of a turbulent boundary layer in incompressible flow. As reported in 
1930, Fage and Falkner (ref. 13) used the Stanton tube to measure the turbu- 
lent skin friction, but assumed that the velocity profiles very close to the 
surface were the same for the turbulent and laminar boundary layers; therefore, 
it was assumed that the Stanton tube calibration obtained in a laminar bound- 
ary layer was applicable to the turbulent boundary layer. In 1938, Taylor 
(ref. lh) studied the effect of Stanton tube height on the "effective distance” 
from the surface at which the dynamic pressure in incompressible flow is equal 
to the difference between the Stanton tube and static pressures. Fage and 
Sargent in 19^7 (ref. 15 ) calibrated a Stanton tube in a turbulent boundary 
layer up to a Mach number of 0.855* In 1952, Cope (ref. 16) used a Stanton 
tube to make the first supersonic measurements at a Mach number of 2.5 and con- 
cluded that this device is reliable for making skin-friction measurements. 
Hakkinen found in 195^ (ref. 17) that the subsonic calibration he obtained for 
a Stanton tube agreed reasonably well with other subsonic calibrations , but 
that the supersonic calibration had an apparent Mach number effect when based 
on the usual calibration factors. In the light of Hakkinen 1 s results, the 
Stanton tube was critically examined further by Trilling and Hakkinen (ref. l8) 
as a skin-friction measuring device. Their analysis showed that the skin 
friction indicated by a Stanton tube is a function of the Stanton tube pres- 
sure to some power, depending on the flow conditions and the tube height rela- 
tive to the boundary-layer thickness. A genuine Mach number effect on the 
Stanton tube calibration was also indicated. Further theoretical work was 
done by Gadd in 1958 on the Stanton tube (ref. 19) in which the calibration 
curve was predicted at high Reynolds numbers. In 1959; Bradshaw and Gregory 
(ref. 20) showed that the Stanton tube calibration made in a laminar boundary 
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layer at subsonic speeds is not the same as that for a turbulent boundary 
layer . The first reliable calibration of the Stanton tube at supersonic 
speeds was made by Abarbanel, Hakkinen, and Trilling in 1959 (ref. 21 ) . They 
found that, with the usual calibration factors based on the wall temperature, 
the Stanton tube calibration for a laminar boundary layer was not affected by 
iVlach number, but that the calibration for a turbulent boundary layer was 
affected by Mach number. In 1962 , Smith, Gaudet, and Winter (ref. 22) cali- 
brated a Stanton tube consisting of a razor blade cemented over a static ori- 
fice at Mach numbers of 1.8 and 2.7* Tn reference 22 they stated that the 
supersonic calibration was sensibly independent of Mach number but later stated 
that different calibration curves were obtained for subsonic and supersonic 
Mach numbers with a transitional region for Mach numbers between 0.8 and 1.5 
(ref. 23, footnote on p. 11 ) . They based their calibration factors on wall 
temperature. In 1963 , Edwards (ref. 2k) used the calibration curve presented 
in reference 23 to measure the skin friction in free flight between Mach 
numbers of 1 .2 and 2 . 2 . 

In 1953.? Preston (ref. 25) developed calibration factors for circular 
surface pitot tubes (Preston tubes), based on the universality of the law of 
the wall for turbulent boundary layers, and showed that these factors col- 
lapsed the incompressible Preston tube data into a single curve for a large 
range of tube diameters. Preston showed that it is not necessary to limit the 
tube size to the laminar sublayer to obtain a single calibration curve, because 
of the large extent of the boundary layer over which the law of the wall is 
applicable. In a more recent investigation in 1955 (ref. 26), Hsu demonstrated 
that Preston tubes can be used for measuring skin friction accurately in the 
presence of adverse pressure gradients and thereby showed the applicability of 
the method to nonisobar ic surfaces . Hsu also showed a theoretical relation- 
ship between the shearing stress and the Preston tube pressure and the minor 
importance of having a particular ratio of inside-to-outside tube diameter on 
the Preston tube calibration. In 1957 ^ Fenter and Stalmach (ref. 27 ) developed 
calibration factors based on the Von Karman mixing -length theory, following the 
compressible skin-friction theory of Wilson (ref. 28 ), which collapsed their 
supersonic Preston tube data into a single curve between Mach numbers of 1.7 
and 3 . 7 . A brief summary of the Fenter and Stalmach development is presented 
in reference 29* This curve corresponded very closely to the incompressible 
generalized law of the wall functions of Coles, which are listed in table I of 
reference 30 ; therefore, no displacement effect due to the presence of the 
tubes was Indicated, a result which was somewhat contrary to that given by 
Preston for incompressible flow. In 1958 Naleid (ref. 7 ) showed that Preston 
tubes are reliable instruments for measuring skin friction in the presence of 
an adverse pressure gradient with zero heat transfer. Smith and Walker showed 
in 1959 (ref. 4) that the form of the Preston calibration factors is correct 
for low subsonic speeds, but that the constants used to define the calibration 
curve were slightly different from Preston* s. In 1961 the staff of NPL 
(ref. 31 ) showed that the form of the incompressible calibration curve for flat 
plates is similar to that obtained in pipe flow, but that for a given Preston 
tube reading the local skin friction is about 11 percent higher on the flat 
plate than in a circular pipe with a fully developed turbulent boundary layer 
as used by Preston in his original calibration (ref. 25 ) • This result was in 
contradiction to Hsu’s result in 1955 (ref. 26) which appeared to confirm 
Preston’s calibration curve. In 1962 , Head and Rechenberg (ref. 3^) showed 
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that for a given Preston tube reading the skin friction was the same for hoth 
the boundary layer and fully developed pipe flow, thus vindicating Preston f s 
pipe-flow calibration and confirming the existence of a -universal region of 
flow similarity near the wall. In 19^3^ Rechenberg (ref. 33 ) further demon- 
strated the existence of a universal Preston tube calibration in incompress- 
ible flow for either the fully developed turbulent boundary layer in pipe flow 
or turbulent boundary-layer flow. He also confirmed in reference 33 that the 
Preston tube method is valid for nonisobaric flow conditions. In reference 34, 
Rechenberg showed that because of the universal nature of the boundary layer 
adjacent to the wall the effect of Mach number on the Preston tube calibration 
is predictable. 

The present experimental investigation was undertaken to calibrate surface 
pitot tubes at high Reynolds numbers near a Mach number of 3 in a thick bound- 
ary layer similar to that expected for large supersonic airplanes. Two types 
of surface pitots, the -Preston tube and the Stanton tube, were calibrated on 
the side wall of the Ames 8 - by 7-foot supersonic wind tunnel where the bound- 
ary layer in air is 5 "to 7 inches thick. This investigation covered a Mach 
number range from 2.4 to 3*^ a nd a Reynolds number range from about l 6 to 
100 million. The surface-pitot data are reduced both on the basis of calibra- 
tion factors which have been developed in the past and on the basis of a newly 
developed calibration factor. The adequacy of the calibration factors in 
reducing the results to a single calibration curve which would be insensitive 
to Mach number and Reynolds number effects is examined. 

Recently, at a Mach number of 2.8 and a Reynolds number up to about one 
billion, Moore and Harkness (ref. 8 ) measured the local skin friction on the 
floor of a wind-tunnel supersonic diffuser. They showed that the theory of 
either Wilson or Van Driest II gives excellent agreement with experiment but 
that the reference enthalpy theory of Schultz -Grunow underpredicts the mea- 
sured values by 10 to 15 percent. There is some indication in the Moore- 
Harkness report that the Wilson theory tends to overpredict the measured skin 
friction previously obtained at the lower Reynolds numbers. Because of this 
anomaly in agreement between theory and experiment, depending on the Reynolds 
number and, possibly the Mach number, the skin friction measured in the pre- 
sent investigation and the majority of existing experimental skin-friction 
results obtained throughout a Mach number range from 0.06 to 6.7 for turbulent 
flow on adiabatic flat plates are compared herein with predicted results from 
the theory of Wilson (ref. 35) and the method of Sommer and Short (ref. 36 ). 


NOTATION 


'F 


average 


skin-friction coefficient. 


20 

x 


local skin-friction coefficient, 


<3co 


Cj^ local skin- friction coefficient for incompressible flow 


4 


c 


p 



measured pressure coefficient, 


Ps - Poo 
%> 


equivalent incompressible pressure coefficient. 



d 

d i 

d o 

(^-cr)max 


(^cr ) 


min 


L w 


diameter of the Preston tubes or the height of the Stanton tubes 
inside diameter 
outside diameter 

maximum critical diameter of Preston tube for which the Preston 
tube calibration is expected to be valid (defined by eq. (Cl)) 

minimum critical diameter of Preston tube allowable to remain 
within the linear portion of the calibration curve (defined by 
eq. (C9) ) 

factor for determining the effects of Mach number and heat trans- 
fer on the Preston tube calibration when the flow properties are 

/ \2 • 53 6 

based on wall temperature, > (see eqs. (10) and (ll)) 


Pp> Fpj 
F k } f h. > 
F h> f f> F f . 

Pi(Tw) 


p 2 (t w ) 


functions relating certain factors appearing in the equation- 
development sections of this report 


factor for converting Reynolds number based on free-stream static 


temperature to Reynolds number based on wall temperature. 




00 w 


^W^oo 


factor for converting Reynolds number squared divided by density, 
based on free-stream static temperature, to that based on wall 

temperature, (—} — 

' W Poo 


fa(T’) 


K 

M, 


factor for converting Reynolds number squared divided by density, 
based on free-stream static temperature, to that based on the 

reference temperature (T 1 ) of Sommer and Short, -- 

, N 1 + 0 *2Mj 

constant used in equation (C5), — o 




or 


local Mach number defined by equation (l4) when leading-edge 
bluntness is considered 
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M s 


M 


00 


Pi,oo 

p s 


% 


Mach, number indicated by the ratio of the wall static pressure to 
the pressure of the Preston or Stanton tubes. (When this pressure 
ratio indicates supersonic flow ahead of the tubes, then the 
normal shock relationships are used to obtain the Mach number, 

M s , ahead of the shock.) 

free-stream Mach nuniber indicated by the ratio of surface static 
pressure to the total pressure from a total pressure tube located 
just outside the boundary layer, assuming normal shock relation- 
ships (see footnote l) 

free-stream impact pressure (pitot pressure) 

pressure indicated by the Preston or Stanton tubes 

static pressure on the side wall of the wind tunnel in the vicinity 
of the Preston and Stanton tubes 

dynamic pressure indicated by the Preston or Stanton tubes, 

|P 


free-stream dynamic pressure, 


- P M s 

2 -^oo s 


2 


R 


gas constant for air when treated as a perfect gas 


R-s 


Reynolds number based on the free-stream flow conditions and the 
outside diameter of the Preston tube or the height of the Stanton 

p V d 
tube, — £2_22_ 


R. 


x 


Reynolds number based on free-stream flow conditions and distance x 

p V x 

from the leading edge, ■■ 

Poo 


R 


■x.v 


Reynolds number based on free-stream conditions and distance x v 


from the virtual origin, 


P V x v 

oo oo V 




T, 


Reynolds number based on free-stream flow conditions and the 

p V 0 


momentum thickness, 


Pa 


static temperature indicated by the surface pitot tubes, assuming 


isoenergetic flow conditions, 


T + 


1 + 0.2M S 2 
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T t 

T v 

( T w) a d 

(^■w) me as 

T* 


total temperature measured in the settling chamber 
wall temperature 

adiabatic wall temperature for an assumed temperature recovery 
factor of 0.88, T ro (l + O. 176 M ro 2 ) 

measured wall temperature 

reference temperature used by Sommer and Short , 


T 


1 + 0.035M00 2 + 0.45 



t 

u 


u T 


free-stream static tempera tu re ; 


1 + 0.2MJ 2 


ratio of ins ide-to-out side diameter of Preston tube 
local velocity within the boundary layer 
friction velocity based on the wall temperature, 



Ur r 


V s 


X! 


-H 


X s 


x 


x v 


friction velocity based on the Sommer and Short T’ temperature, 



velocity indicated by the ratio of the Preston or Stanton tube 
pressure to the wall static pressure, assuming isoenergetic flow 
conditions and a normal shock relationship, (^9 

free-stream velocity, 

function used in the generalization of Wilson f s theory, 

(V^)c f 

[(sin-y^;)/^a 2 


function used in the generalization of Sommer and Short’s method. 



Of 


length from the leading edge or characteristic length used in forming 
Reynolds number 


distance from the virtual origin of the turbulent boundary layer to 
the point at which Q is measured 
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(%>H 

Ws 

y 

7 


6* 


5 A 


0 

0 c 

hr 

H’ 

ho 

V W 

1J * 


r 1 * 

function used in the generalization of Wilson* s theory, -22 R fl 

nr ° 

function used in the generalization of Sommer and Short *s method, 

lJ 00 R 
V? R 0 

distance from surface 

ratio of specific heats (assumed herein to he 1.4 for air) 
difference between the surface pitot pressure and the static 

CpX 


pressure , p g - p^ 


boundary-layer thickness for compressible flow. 


2(0/5), 


U) 


ratio of displacement thickness to boundary-layer thickness for an 
incompressible boundary layer (see eq.. (C6)) 

CpX 

boundary-layer momentum thickness, — — 

momentum thickness for a compressible boundary layer 

viscosity from Sutherland *s formula in which the wall temperature 
is used 

viscosity from Sutherland* s formula in which the T* temperature 
from Sommer and Short is used 

viscosity from Sutherland* s formula in which the free-stream static 
temperature is used 

kinematic viscosity based on wall temperature 

kinematic viscosity based on Sommer and Short *s reference 
temperature, T* 

kinematic viscosity based on free-stream static temperature 

mass density based on the wall temperature 

mass density based on the reference temperature (T*) of Sommer and 
Short 

mass density based on the free-stream static temperature 

T 0 .21VL, 2 

factor used in the Wilson theory, 1 - or a 

J-t 1 + U . 21X1^ 

surface shear stress 

exponent (O.768) for the approximate viscosity formula 
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FACILITY 


The experiment was conducted in air in the Ames 8- by 7-foot supersonic 
wind tunnel. This facility is a closed-circuit, continuous flow wind tunnel 
capable of producing a relatively constant Mach number ranging from 2.4 to 
3-4 in the test section which is l6 feet long. The Mach number is varied by 
changing the wind-tunnel nozzle contour by moving the flexible vertical side 
walls. Reynolds number is varied by changing the stagnation pressure over a 
range of about 2 atmospheres. 


TEST CONDITIONS 


To provide changes in Reynolds number, the wind-tunnel total pressure was 
varied after the Mach number had been set at one of the following nominal Mach 
numbers: 2.4, 2.9> or 3*4. Unit Reynolds numbers covered in the investiga- 

tion ranged from nominal values of 0.5 to 3-2 million per foot, inclusive. 

Four Preston tubes of different diameters and a Stanton tube were tested 
simultaneously for a given flow condition. For part of the investigation, two 
of the Preston tube diameters and the Stanton tube height were changed. Two 
different Stanton tube geometries were also tested by changing the position of 
the blade relative to the orifice over which the blade was mounted as shown in 
figure 1. Measured values of Mach number, Reynolds number, tube height, and 
streamwise Stanton tube positions are given in table I. 

Flow conditions correspond to that for a turbulent boundary layer acting 
on a fiat surface with nearly zero pressure gradient and nearly adiabatic wall 
conditions (no heat transfer) . Table I gives the measured wall temperatures 
and the estimated adiabatic wall temperatures. The boundary layer was from 
5 to 7 inches thick, depending on the flow conditions. Location of the origin 
of the turbulent boundary layer was unknown; however, the nozzle throat of the 
wind tunnel was about 32 feet upstream of the measuring station. Impact-probe 
traverses were made only at unit Reynolds numbers of 1.0, 2.5^ and 3*2 million 
per foot to reduce the running time of the wind tunnel . 


INSTRUMENTATION 


General Arrangement 

Figure 2 shows the relative locations of the boundary-layer instrumenta- 
tion used in the experiment: the skin-friction balance, the Preston tubes, a 

Stanton tube, the traversing probe, and the 5-inch boundary-layer rake. The 
probes and balance were mounted on the wind-tunnel side wall. In addition to 
the reference orifice shown in figure 2, three static -pres sure orifices were 
located 6 inches ahead of the reference orifice, the Stanton tube, and the 
rake . 
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Skin-Friction Balance 


The skin-friction balance was designed mechanically and electrically by 
the Ames Instrumentation Division. A complete description of the balance is 
given in reference 4. The balance had a floating element 2 inches in diameter 
attached to flexure pivots. An electrical nulling circuit centered the float- 
ing element in the hole for each measurement. A special low- friction pulley 
was used to calibrate the balance in the operating position. Before and after 
the test, several calibrations were made at 40°, 70°, and 100° Fahrenheit. 
During the test the approximate temperature of the balance was indicated by a 
thermocouple inserted in the cavity of the balance. 

The floating-element disk had an edge tapered to 0.025 inch to minimize 
the possible buoyancy effect from the gap pressures. A buoyancy force correc- 
tion was obtained by integrating the measured pressures in the gap at six sta- 
tions spaced equally around the disk as shown in reference 4. 


Stanton Tube 

Geometric details of the Stanton tube are shown in figure 1 . The Stanton 
tube used in the present experiment consisted of a sharp blade mounted over a 
static-pressure orifice. The blade was tested in two different streamwise 
positions as well as at two different vertical heights in each position, since 
Dr. K. G. Winter had suggested in a private communication that streamwise 
position might affect the calibration. 


Preston Tubes 

The Preston tubes consisted of circular impact-pressure tubes similar to 
those suggested and used by Preston (ref. 25) as indirect sensors of skin 
friction. These tubes were mounted as shown in figure 1 so that the tube 
leading edge rested firmly on the surface of the tunnel wall. The ratio of 
inside -to -out side diameters was held to 0.60 as in Preston's experiment. Tube 
diameters of 0.06l, 0.090, 0.126, and 0.188 inch were tested first, followed 
by tube diameters of 0.031^ O.O9O, 0.126, and 0.250 inch in the locations 
shown in figure 2 . 


Traversing Impact-Pressure Probe 

A traversing impact-pressure probe was used in this investigation to 
define in detail the boundary-layer profile at selected Reynolds numbers for 
the purpose of obtaining the momentum thickness. Figure 3 shows the geometry 
of the traversing probe, which was designed to minimize the flow disturbance 
from the tip and the deflection under load. The tip was carefully constructed 
to be free of burrs and imperfections . The probe was moved perpendicular to 
the wall by means of a screw device to which a height gage with a vernier was 
attached for measuring the probe height accurately. 
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Boundary-Layer Rake 

A boundary-layer rake was used in place of the traversing probe to obtain 
the momentum thickness at some Reynolds numbers , to reduce the running time 
necessary for a survey with the traversing probe. The geometry of the rake is 
shown in figure 4. 


Pressure Sensors 

Precision mercury manometers were used to measure reference pressure, 
calibration pressure, and impact pressure outside of the boundary layer (p^ 00 ) . 
The manometers were mounted in temperature controlled cabinets . 9 

The test pressures were measured by Ames designed precision electrical 
strain-gage type transducers, referred to as slack-diaphragm pressure cells, 
mounted in a temperature controlled cabinet. The cells were used to measure 
the differential between the test pressure and a reference pressure . The 
reference pressure was set so that the lowest range cells available of ±4 psid 
could be utilized. Each cell was individually check-calibrated over its range 
in the laboratory and selected to meet the tolerances described in the section. 
Data Reduction and Accuracy. The length of the tubes was minimized to elimin- 
ate pressure lag. Sufficient time was allowed for the pressures to stabilize 
before each data point was taken. 


Temperature Sensors 

Total temperature probes were located in the low-speed leg of the wind 
tunnel upstream of the throat section. The thermocouple probes were connected 
to a hot-box junction of the data recording system, and were calibrated with a 
laboratory reference thermocouple in crushed ice. The approximate static wall 
temperature was monitored by a thermocouple inserted into a hole in the wall 
drilled to within l/4 inch of the inside surface, and connected to a hot-box 
junction . 


DATA REDUCTION AND ACCURACY 


Boundary-Layer-Edge Conditions 

Mach number, 1 Reynolds number, total pressure, dynamic pressure, and 
static temperature at the boundary- layer edge were calculated from the 
measured impact pressure outside the boundary layer, the wall static pressure, 
and the tunnel total temperature. The compressible-flow relations in 

1 The following approximation to the Rayleigh pitot equation (derived by 
N. K. Delany of Ames Research Center) was used to compute the Mach number, Moo* 
The expression gives Mach number to within 0.0005 for 1.08 < < 4.11. 

= {0.88185 - 0.2l4T( Poo /p ijOO ) - 0.2478[(p a /p.^ oo ) + 0.o6] 3 ’ 44 } ( vJv ±} J~ 1/Z 
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reference 37 were used in the calculations. The edge, or free-stream impacts 
pressure was measured at a height of 8.50 inches h y an impact prohe on a 
boundary-layer rake. This pressure was taken to he the edge impact pressure 
for all of the measurements in the experiment because previous tunnel surveys 
showed that nearly uniform flow existed across the test area. In addition, 
this impact pressure was compared to that of the traversing probe at the same 
height and found to agree generally within 0.5 percent. The wall static pres- 
sure measured at the location shown in figure 2 was assumed to be constant 
through the boundary layer. The static pressures at the three other orifice 
locations mentioned in the discussion of Instrumentation agreed to within 
0.5 psf of the reference wall static pressure. 


Momentum Thickness 

The momentum thickness , 0, of the boundary layer was obtained from the 
velocity profile determined with the traversing impact probe for unit Reynolds 
numbers of 1.0, 2.5, and 3*2 million per foot. Boundary-layer rake profiles 
were used to determine Q at the other Reynolds numbers . In the calculation 
of the local velocity ratio, the flow was assumed to be isoenergetic (constant 
total temperature) and the static pressure to be constant through the boundary 
layer; reference 38 shows that these assumptions result in negligible errors 
in momentum thickness for adiabatic flow at supersonic speeds . An interfer- 
ence effect from the traversing probe, negligible except near the wall, should 
not affect Q noticeably. A comparison of the momentum thickness obtained 
from the rake with that obtained from the traversing probe showed that the 
difference in momentum thickness was in fact negligible . 


Skin Friction 

The estimated probable error of the floating-element skin-friction 
balance is a function of Mach and Reynolds number and is listed in the follow- 
ing table for the nominal test conditions. Total errors were estimated to be 
the root-sum-square (RSS) of four individual estimated errors - the RSS having 
been used as representative of a combination of individual random errors. 
Calibration error was estimated to be ±2 percent from several repeated calibra- 
tions, before and after the test, in the laboratory with the balance in the 
same position as mounted in the tunnel side wall. The balance temperature 
error was estimated to be less than ±1 percent . The estimated probable error 
was ± 0.7 psf for the gap differential pressures used in the buoyancy correc- 
tion, and the probable error in fairing the pressure distribution in the gap 
could be as high as 100 percent for the six orifices or about ±2 percent. 
Resulting RSS values and also the apparent error in the data, as indicated by 
the scatter in repeated points, are as follows: 
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Estimated and Apparent Error of Skin-Friction Balance, Percent 



M = 

2.4 

M = 

2.9 

M = 

3.4 

(Vc^O 10-6 P er ft 

RSS 

Data 

RSS 

Data 

RSS 

Data 

3.2 

±3-1 

— 

±3-2 

— 

— 

— 

3.0 

— 

— 

3-2 

— 

— 

— 

2.5 

3-2 

± 2.0 

3.3 

± 2.2 

±3-6 

±1.2 a 

2.0 

3-3 

2.6 

3-5 

4.9 

4.0 

— 

1.5 

3-5 

3.4 

3-9 

6.1 

4.6 

— 

1.0 

4.1 

— 

4.8 

6.3 

6.2 

6.1 a 

0.5 

a Limited data . 
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Note that the data scatter from the test was approximately of the same magni- 
tude as the estimated probable error. In general, the effect of the wall tem- 
perature not being exactly adiabatic was estimated to change the skin friction 
less than 1 percent and therefore was ignored. Values of both the estimated 
adiabatic and measured wall temperatures are listed in table I. 


Pressures 

Estimated probable errors of the pressures were determined to be the RSS 
of the following individual errors: reference pressure from precision manom- 

eter, ± 0.28 psf; differential pressure from slack-diaphragm transducers, 

± 0.05 percent of k psi, or ± 0.29 psf; zero shift of transducers during test, 
±0.3 psf. The RSS value for these errors is ±0.5 psf. 


Geometric Measurements 

The traversing-impact probe error in height was a total of about 
0.003 inch; the maximum play in the mechanism was about ±0.002 inch at the 
probe tip; and the reading error from the height gage with vernier was 
±0.001 inch. The diameter of the Preston tubes and the height of the Stanton 
tubes were measured to within ±0.0005 inch. The height of boundary-layer 
rakes was measured to within ± 0.005 inch. 


DEVELOPMENT OF NEW CALIBRATION FACTORS 


Equivalent Incompressible Pressure Coefficient, C 

P 

Appendix B gives a functional equation similar to that used by Smith, 
Gaudet and Winter (ref. 23 ) for calibrating surface pitot tubes. Results 
from the present investigation and reference 23 indicated that equation (b 6) 
still contains a compressibility effect since this equation did not collapse 
the calibration curves obtained at supersonic Mach numbers onto the calibration 
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curves obtained at low subsonic Mach numbers. The development of equation (b 6 ) 
for compressible boundary layers indicates that the pressure coefficient (Cp) 
was left in its compressible form. The equivalent incompressible Cp is 
obtained by replacing the measured pressure rise for the surface tube with an 
incompressible pressure rise which is indicated by the dynamic pressure of the 
tube (( 7 / 2)p Mg 2 ). The equivalent incompressible pressure coefficient, 
therefore, becomes 

0 _ 1b - 

Pi ^ (r/2)p, jC 

since the static; pressure is assumed to he constant through the boundary layer. 
By substituting the incompressible form of C p given by equation (l) in equa- 
tion (B 6 ) for Cp, we obtain another functional equation 

f 2 (T w )Rd 2 (M s /3 ^ 0 ) 2 = f k [f 2 (T w )R d 2 C f ] (2) 



Reference Temperature Conditions 


Although several investigators have shown that the compressible law of the 
wall equation, in which the fluid properties are based on wall temperature in 
general, collapses boundary-layer profiles onto a single curve, Coles in refer- 
ence 30 shows that if the fluid properties are based on a reference tempera- 
ture, then even better collapsibility is obtained for turbulent boundary-layer 
profiles for Mach numbers of 2.6 through 4.5. Following the work of Coles a 
more generalized law of the wall may be written as 



(3) 


where the primed quantities are based on a r eferen ce temperature which is a 
function of Mach number; for example, u,. ' = n / t /p* • It follows that for cali- 
brating surface tubes a functional equation similar to equation ( 2 ) can be 
written if the wall temperature is replaced by a reference temperature 2 as 

f 2 (T*)Rd 2 (M s /M co ) 2 = FhtfaClOR^Cf] (4) 


where for the Sommer and Short reference temperature method and by Sutherland’s 
formula for viscosity following the definition of f 2 ( ) in the notation 


fa(T’) = fe 


P* 


(5a) 


When specialized for adiabatic wall conditions in air in which 
T’ = T^Cl + 0.1l42M 00 2 ), equation (5a) becomes 

2 During the final preparation of this report, Sigalla (ref. 39) presented 
a reference temperature equation similar to equation (4) for calibrating sur- 
face pitots, except he replaced Zip in C p with (l/2)p'V s 2 instead of 
(l/2)p s V s 2 or Zip = ( 7 / 2 )p aJ M s 2 as the author’s did herein. 
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f 2 (T') 


T' + 198.6' 


( 5 b) 


COMPRESSIBILITY AND HEAT-TRANSFER EFFECTS 
ON THE PRESTON TUBE CALIBRATIONS 


Although it 'will he shown that the calibration factors based on the 
reference temperature (T ! ) given by Sommer and Short (eq. (^-)) completely 
collapse the supersonic Preston tube data onto the Preston incompressible 
curve , in some cases it may be desirable to base the calibration factors on 
wall conditions that can be easily measured . 3 In the development that follows, 
the estimated effects of compressibility and heat transfer on the calibration 
curve thus based will be indicated. 


Sharp Leading Edge 


If equation (4) is rewritten in its e:xpanded form containing the 
equivalent equation for ]V!ach number squared , 



( 7 / 2 ) ( p'RT* )M S 2 
(1/2)P 00 V 00 2 


then, assuming 7 = 1.4 for air, we ohtain 


p'VjlN Ms 2 (i.4rt') 

) vj 2 


= F, 


P’ v oo d ' 


p' J (l/2)p«V 00 2 J 


Equation ( 7 ) can be simplified to 


1.4RMo 


_ aa - Ft {(2Td*)[ ?T i rF ] } 


( 6 ) 


(7) 


( 8 ) 


If the flow properties are assumed to be based on wall temperature, then 
equation ( 8 ) can be written as 


i.4rm s 2 



fJ (2rd 2 ) 


p ( v y 2 
LK w v w' - 



(9) 


3 For example, the boundary-layer-edge conditions may be unobtainable as 
is the case at hypersonic Mach numbers where the boundary -layer edge may be 
obscurr^d by the thick entropy layer Induced by leading-edge bluntness. 
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•where if the equation 


of state is used 


F = (l if = fvL) £l = (V.T *1 

W W T* W P w W T w 


( 10 ) 


If the approximate viscosity equation (B12) is used with replaced by T * , 

equation (10) becomes 




1.536 z x 2.536 

V T* _ ( T 1 


L W 


Ti 


w, 


(ID 


It should be emphasized that the factor F w can be calculated only if the 
local Mach number at the boundary-layer edge is known. In the discussion to 
be presented hereinafter the effect on the calibration of assuming that this 
Mach number is unknown and that the flow quantities are based on a known T W 
(or F w = 1.0 in eq. ( 9 )) will be shown. The F v factor in equation ( 9 ) can 
be considered dependent on Mach number and/or heat transfer through the follow- 
ing equation from reference 3 6 for the reference temperature ratio 


T_|_ = 1 + 0.035Mco g + O.^tCTw/Tj -1] 
?W Iw/Too 


in which Ty/T^ is defined for a turbulent boundary layer by the adiabatic 
recovery temperature equation (using a temperature recovery factor of 0.88) 

I s - 7—7 — (x + 0.176 m., 2 ) (13) 

00 ( T w)ad 

It follows that the effects of Mach number and heat-transfer variations on the 
Preston calibration curve when flow properties are based on wall conditions 
can be evaluated by multiplying the factor for a particular flow condi- 

tion times the calibration factors given by equation (4) . 


Blunt Leading Edge 


Provided the leading edge is sufficiently blunt that the full bluntness 
effect is realized (see refs. 40 and 4l ) } then the reduced local Mach number 
instead of the free-stream Mach number should be substituted in equations (12) 
and ( 13 ) . This reduced Mach number can be computed by the following equation 
■which is given in reference lj -1 (eq. (A7) ) : 


M 


l ~ 


(6JC 2 ) 



(14) 
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Again, the effects of bluntness , Mach number, and heat-tranfer variations on 
the Preston tube calibration, when the flow properties are based on wall con- 
ditions, can be evaluated from the effects of these properties on the F w 
factor (eq. (ll) ) . 


RESULTS AMD DISCUSSION 


Shin-friction equations for the theory of Wilson and of Sommer and Short, 
which will be used throughout this report, are presented in appendix A. Some 
of the surface tube calibration factors which were used in the past are pre- 
sented in appendix B. Equations for obtaining the maximum and minimum criti- 
cal Preston tube diameters are given in appendix C. Equations used for 
deriving Of from measured values of 0 as a function of longitudinal dis- 
tance, when skin friction in other investigations was not measured directly, 
are given in appendix D. 


Preston Tube Calibrations 

Calibration curves for Preston tubes obtained at subsonic speeds in other 
investigations are presented 4 in figure 5* Complete calibration curves are 
presented in figures 6 , 7 , 8 , and 9 on the basis of the functions contained 
in each of the four calibration functional equations (eqs. (B 6 ), (2), (4), and 
(Bll) ), respectively . The linear portions of the present data (approximately 
f 2 (T T )RcL 2 Cf > 10 4 ) are replotted with the Mach number and unit Reynolds number 
identified in figures 10 and 11 for two of the calibration factors. The 
solid line on figures 10 and 11 represents a least-squares fit of all the 
present data for a particular calibration factor within the linear portion of 
the calibration curve. The least-squares-f it equations for the linear part of 
all the calibration curves are given, respectively, on each figure. All data 
presented in figures 5 through 11 are also listed in tables I and II. 

Subsonic % 2 C p vs. R^ 2 C f- In figure 5(a) the incompressible Preston tube 

curve of Preston or Hsu is compared with the Coles 1 functional data curve . 

The latter curve represents an average of several experimental data curves 
obtained from boundary-layer surveys and includes no displacement effect due 
to tube size. The difference in these two curves can be considered, therefore, 
as being produced by the displacement effect of the Preston tube. Both of 
these curves given in figure 5(a) will be presented on each Preston tube 
calibration curve to help evaluate the various calibration factors. Smith and 
Walker 1 s Preston tube curve (fig. 5(b)) lies below Coles* functional curve, 
thereby showing an opposite displacement effect from that of Preston. Head 
and Rechenberg*s calibration curve (fig. 5(c)) agrees with Preston*s curve at 


^Calibration results presented herein are plotted on log-log paper for 
reasons set forth by Preston (ref. 25 ) * Preston found that it was indecisive 
whether a "log” law or a "power" law best represented the law of the wall 
equation from which his calibration factors were developed. For circular 
pitots he favored the "power" law. 
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R^ 2 Cp = 10 s and with. Smith and Walker’s curve at Rd 2 Cp = 10 s and shows a 
slightly different slope from all the other calibration curves . 

Supersonic f 2 (T w )Rd 2 Cp vs. f 2 (T w )R (i 2 Cf In figure 6, it can he seen that 

the experimental results are considerably above the Preston curve; therefore, 
basing the flow properties on wall temperature alone is insufficient to col- 
lapse the experimental data onto the Preston incompressible curve. The Coles’ 
curve is shown for reference purposes only, representing the incompressible 
case for zero displacement effect . 

Supersonic f^T^Ri^Mg/M^) 2 vs. f 2 (T w )Rd 2 Cp .- If for a compressible 

fluid, the measured pressure coefficient Cp contained in the calibration 
factor used in figure 6 is replaced by the equivalent incompressible form 
Cpi = (M s /Moo) 2 .? then the experimental data obtained at supersonic Mach numbers 
move considerably closer to but still slightly above the Preston incompressible 
curve as shown in figure 7- 

Supersonic f 2 (T’ )Rd 2 (M s /Moo ) 2 vs. f 2 (T* )R<i 2 Cf •- If the flow properties are 

based on the reference temperature (T*) given by Sommer and Short (ref. 36), 
the function f 2 (T w ) becomes f 2 (T’) and the experimental results based on this 
new function are very close to the Preston incompressible curve as shown in 
figure 8(a) . It can also be observed in figure 8(a) that even in the nonlinear 
portion of the curve this new function seems to collapse the data, although 
fewer points were measured over this nonlinear range. Above a value of 
[f 2 (T* )Ri 2 ]Cf of about 10 4 the experimental points fall nearly on a straight 
line, the same result as for the incompressible Preston calibration. Since 
the supersonic data are so close to the Preston incompressible curve, it can 
be reasoned that the displacement effects from the Preston tubes are almost 
the same at subsonic and supersonic Mach numbers when the data are based on the 
new calibration factors. This displacement effect can be thought of as 
accounting for the difference between the Coles’ functional values (ref. 30 ) 
and the incompressible experimental curve of Preston (ref. 25)* 

The supersonic Preston tube data of Stalmach (ref. 6) have been recomputed 
on the basis of the new T’ calibration factor given above with the viscosity 
computed by the Sutherland formula (see eqs. (B13) and (Bl4) ) and are pre- 
sented in figure 8(b). It can be seen that these data also fall near the 
linear part of the Preston incompressible curve and therefore agree with the 
present results for this part of the curve. Compare figures 8(a) and 8(b). 
Within the nonlinear part of the calibration curves, the Stalmach data fall 
below the Preston curve and near the Coles* functional curve, thereby indicat- 
ing zero displacement effect. Until the nonlinear part of the curve is sub- 
stantiated by other experiments, it is suggested that Preston tube diameters 
be chosen so that only the linear part of the calibration curve is used. 

Supersonic [f i(T w )(R d //g^) sin~ 1 ( N /g^ Vg/V*,)] 2 vs. _f 2 _(T w )Rd 2 Cf If the 
present experimental data are based on the Fenter-Stalmach calibration 
factors, then the points fall somewhat above the nonlinear part of the Preston 
curve then cross somewhat below the linear part of the Preston curve as shown 
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in figure 9(a) . The slope of the linear part of the supersonic curve is 
slightly less than either of the incompressible curves in figure 9(a) . 

In figure 9(b ) , Stalmach* s Preston tube data, corrected for viscosity 
being based on the Sutherland formula, fall nearly on the Coles* functional 
curve at values of f 2 (Tw)Rd 2 0 f greater than about 10 4 , thereby indicating 
zero displacement effect. At the smaller values of this function the Stalmach 
data fall between the Preston and the Coles* functional curves . 

Detailed analysis of the linear part of the Preston t ube calibration .- In 
figures 6 through 9 no attempt was made to identify each data point for a 
specific Mach number or unit Reynolds number, since only a general evaluation 
of the four different calibration factors was made, A further analysis was 
made, therefore, within the linear portions of two of the calibration curves 
for the new calibration factors based on reference temperature and the Fenter- 
Stalmach calibration factors by identifying the Mach number and unit Reynolds 
numbers, the results being presented in figures 10 and 11, respectively. The 
solid curves represent a least-squares fit of all the experimental data within 
the linear range for a given calibration factor. It can be seen in figures 10 
and 11 that variation in neither Mach number nor Reynolds number had any con- 
sistent effect on the calibration curves and that any small displacement of 
the data from this least-squares curve was within the experimental accuracy. 

The present data presented on the basis of the new calibration factors 
based on reference temperature fall very close to the Preston incompressible 
curve but the same data presented on the basis of the Fenter -Stalmach calibra- 
tion factor fall on a curve with a somewhat lesser slope than the Preston 
incompressible curve. Compare figures 10 and 11. 


Selection of Critical Preston Tube Diameters 

Maximum tube diameter .- In reference 6 an equation is given for computing 
the maximum diameter of Preston tubes for which a single calibration curve 
would be expected to be valid. A modified version of the equation is given 
herein as equation (C7) • This equation is represented in figure 12 from which 
it is possible to select the maximum tube diameter for a given Reynolds number 
and Mach number. An example for using figure 12 is given below. 

Assumed flow conditions: 

1. Moo = 3-0 

2. Voo/v^ = 105/in. 

3. x = 10 3 in. (Therefore, R x = 10 s .) 

4. T_j. = 560 ° R and adiabatic wall 
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For the above flow conditions (d cr /x) max = 3*9 > <10 _3 from figure 12. Therefore, 
the maximum critical diameter becomes 

(dcr)max = ( d crA) max (x) = (3 .9XL0“ 3 ) ( 10 3 ) = 3.9 in. 

Minimum critical size .- The curves for selecting the minimum critical 
Preston tube diameter , presented in figure 13 , are "based on the findings 
herein that the calibration is linear above a value of fsC^ 1 )Rd 2 Cf = 10 4 and 
that the data within the linear part of the calibration generally agreed with 
previous experimental results (ref. 6). See equation ( 09 ) • 

An example for using figure 13 is given below. 

Assumed flow conditions: 

1 . = 3.0 

2- Voo/ v co = l°7in. 

3 . x = 10 3 in. (Therefore, R x = 10 s .) 

4. T^ = 560 ° R and adiabatic wall 

For the above flow conditions, (d r>T ,/ x ) min = 7 . 5 XIO 5 from figure 13- There- 
fore, the minimum critical diameter becomes 

(d cr )min = (7*5X10 -5 ) (10 3 ) = 0.075 In. 

It can be seen, then, that any Preston tube between 0.075 and 3*9 inches for 
the above assumed flow conditions would be a valid tube size for remaining 
within a single linear calibration curve. 


Estimated Effects of Mach Number and Heat Transfer 
on the Preston Tube Calibration 

Sharp leading edge .- It was shown in the equation development section 
that if the flow properties in the calibration factors are based on wall con- 
ditions instead of the reference temperature conditions 5 of Sommer and Short, 
the effect of Mach number and heat transfer is given by F^ (eg. (ll)) . This 
effect has been calculated for a sharp-edged flat plate at Mach numbers of 3> 
5 , and 7 for several heat-transfer rates and is shown in figure l4. 

It can be seen in figure l4 that for the adiabatic wall case 
(T w /(T w ) a( j = 1.0) with the flow conditions based on wall temperature, that the 
skin friction given by the Preston curve would differ less than 10 percent 
from the true value. With heat transfer and the temperature ratio (Tw/(Tw)ad) 

5 Provided the flow conditions at the edge of the boundary layer can be 
defined, then it is assumed that a calibration based on f 2 (T' )R^ 2 (M s /Mco) 2 
= FhtfaCT* )R^ 2 C f ] will not be affected by changes in either Mach number or 
heat transfer. 
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of 0.6, the Preston curve for Mach numbers from 3 through 7 would give the 
skin friction to within about 5 percent of the true value. For very low values 
of T -w/( T w)ad (e.g., 0.2 as shown), larger errors in skin friction would be 
incurred if the Preston incompressible curve were used, particularly at the 
lower Mach numbers . 

Blunt leading edge .- When leading-edge bluntness is . incorporated in the 
design of a hypersonic vehicle, an inviscid entropy layer is formed having a 
vertical gradient of reduced Mach number near the leading edge which persists 
on the surface in the streamwise direction until the boundary layer becomes 
thick enough to envelop the entropy layer. If this entropy gradient is 
comingled with a vertical gradient of static pressure emanating from a curved 
surface, it becomes virtually impossible to define even by measurement the flow 
conditions at the boundary-layer edge. For this reason, the effects of Mach 
number and heat transfer on the Preston tube calibration curve (based on 
measurable wall conditions and the Preston tube Mach number) were estimated for 
a surface having full leading-edge bluntness effects. 6 

For the adiabatic wall case, it can be seen by comparing figures ik and 15 
that accounting for full leading-edge bluntness slightly reduced the error in 
predicting the skin friction from the Preston curve for Mach numbers from 3 
through 7* For the intermediate value of heat transfer represented by 
T w/( T w) ad = 0.6, the Preston curve happens to give the correct values of skin 
friction when bluntness is included as shown in figure 15* If heat transfer 
is large (e.g., T w /(T w ) a(i = 0.2), then the error involved by using wall condi- 
tions was predicted to be even greater for the blunt edge than for the sharp 
edge, but for either case the error was, in general, so large as to be 
nonacceptable . 


Stanton Tube Calibrations 

It should be mentioned again that the Stanton tube in the present 
investigation was calibrated in two different streamwise positions relative to 
the static orifice over which it was mounted as shown in figure 1. The posi- 
tion called the rearward position with the leading edge of the blade coincident 
with the leading edge of the orifice corresponds closest to the configurations 
investigated by Bradshaw and Gregory and by Winter. 

f 2 (T w )Ra. 2 C p vs. f 2 (T w )R d 2 C f .- It can be seen in figure l6 that the posi- 
tion of the blade relative to the orifice had a large effect on the calibration 
curve and that basing the calibration factors on wall conditions and the 
Stanton tube pressure coefficient did not collapse the data onto either of the 
experimental incompressible curves. The supersonic curve of Winter falls 
closest to the data from the present investigation with the blade in the rear- 
ward position as would be expected from geometrical considerations. 


6 Full leading-edge bluntness effect on Mach number was computed by 
equation (l4) following the bluntness theory set forth in reference 40. 
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f 2 (T w )Rd 2 (M s Ag 2 vs. f 2 (T w )R^ 2 C f .- In figure 17, the Stanton tube data 

are presented with the pressure coefficient replaced by its equivalent incom- 
pressible form, C pi = (Mg/%) 2 (see eq. (2)). By comparing figure 17 with 
figure l6, we can see that this calibration factor, containing (Mg/M^) 2 , 
shifts the measured supersonic data closer to the incompressible curves at the 
low values of f 2 (Tv)Rd 2 Cf " bu ’ t somewhat below Bradshaw and Gregory T s curve at 
the high values of this calibration factor. Again, the comparison with the 
incompressible curves should be only for the present data with the blade in the 
rearward position. 

f 2 (T f )% 2 (M s /M 00 ) 2 vs. f 2 (T ! )% 2 C f When, in addition to replacing C p 

with its equivalent incompressible form C pp = (Mg/jy^J 2 , the flow properties 
are based on the Sommer and Short reference temperature (T T )^ the data in 
figure l8 for the blade in the rearward position fall, in general, between the 
two incompressible curves at low values of f 2 (T l )R£ 2 Cp. At high values of 
this calibration factor, the use of T 1 in place of T w tended to rotate the 
curves slightly so that slopes of the present data curves agree more closely 
with the incompressible curve of Bradshaw and Gregory. Compare figure l8 with 
figure 17 • 

[fi(T w )(%//o^ 0 )sin- 1 ( s /o^ V s /Vj] 2 vs. f 2 (T w )R d 2 C f With the data 

presented on the basis of the Fenter-Stalmach calibration factors (ref. 27 ) , 
it can be seen in figure 19 that the data fall closer to the Bradshaw and 
Gregory incompressible curve but have somewhat less slope than this curve. 

The present Stanton tube data, based on any of the four calibration 
factors (figs. l6 through 19 ), indicate that the blade position relative to the 
orifice, over which it is mounted, has a large effect on the calibration curves. 
Also, all of the calibration curves are nonlinear, even at the higher coor- 
dinates where the Preston tubes had linear curves . For these reasons, espe- 
cially since it may be difficult to match exactly the geometry of a given 
Stanton tube, Preston tubes appear to be superior devices for making skin- 
friction measurements. 


Local Skin Friction 

The present experimental results obtained by direct measurement of skin 
friction are presented in figure 20. Local skin-friction data obtained in 
other investigations are presented in figure 21. In both figures, the data are 
presented on the basis of Cp vs. Rg . The use of R q avoids having to 
establish the virtual origin of the turbulent boundary layer for each investi- 
gation. The majority of the skin-friction data presented in figure 21 were 
obtained by direct measurement of the skin friction; however , in a few cases 
it was necessary to derive the local skin friction from a differentiation of 
the momentum thickness with respect to streamwise distance (x) . For the 
latter cases, the equations and differentiation performed are presented in 
appendix D. For each experimental case, theoretical curves are presented for 
the theories of Wilson (eq. (Al)) and Sommer and Short (eq. (A4) ) . All the 
skin friction results presented in figures 20 and 21 are also presented on a 
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generalized basis of the Sommer and Short theory (eq. (A5)) in figure 22 and 
of the Wilson theory (eq. (A2)) in figure 23 . The relationship between R q 
and R x as given by the Sommer and Short method for several different Mach 
numbers is given in figure 24. In figure 25 j the variation in both the average 
skin -friction coefficient and the local skin -friction coefficient with Reynolds 
number is given for several different Mach numbers. Figures 2k and 25, which 
are based on the Sommer and Short method, can be used to convert the data 
presented in figures 20 and 21 to equivalent values of R x and Cp. 


Data From Present Investigation 

. The directly measured skin -friction data from the present investigation 
fall, in general, between the two theoretical curves at Mach numbers of 2.46 
and 2.96 as shown in figure 20. At a Mach number of 3.45, the data fall closer 
to the Sommer and Short curve; however, the difference between the two theories 
at any of these Mach numbers is only about 10 percent. 

Data From Past Investigations 

It can be seen in figure 21 (a) that the two theories give essentially the 
same curves at M^ = 0.06 (the incompressible case), and both curves agree well 
with the experimental results. In figure 2l(n), at the highest Mach number 
investigated (M oo = 6.7 (ref. 9 ) ) > the Sommer and Short theoretical curve 
agrees well with the measured and the Wilson curve is considerably above 

the measured Cf. At a slightly lower Mach number (Moo = 5*8)* the data from 
Korkegi (ref. 11 ) lie on the Wilson theoretical curve and do not agree with 
the curve estimated by the Sommer and Short method. In general, at supersonic 
Mach numbers of 4.2 and less, and R 0 = 10 4 , the theory of Sommer and Short 
gave results which agreed somewhat better with the experimental results than 
did the values from the theory of Wilson (e.g., figs. 2l(b) to 2l(z)), but at 
the higher values of R 0 > 5X10 4 the reverse was true. (See the Moore- 
Harkness data in fig. 2l(i).) At the higher Mach numbers (M > 5*8), where the 
results from the two theories differ the most, data are insuff icient at all 
values of R 0 to draw definite conclusions regarding the adequacy of these 
theories . 7 

With the skin-friction data presented on a generalized basis (X s vs. (Yq) s ) 
from the Sommer and Short theory (eq. (A5))j it can again be seen in figure 22 
that at values of (Y 0 ) s slightly less than 10 4 and Mach numbers <4.2, this 
theory in general collapses the data onto the incompressible curve. At values 
of (Ye) s = 3XL0 4 and at Mach numbers close to 3-0 both the present results 
and the Moore -Harkness results are slightly above the theoretical curve 
(fig. 22(b)). As shown in figure 23(b), with the skin-friction data presented 

7 In a report by Peterson (ref. 50 ) in. which the experimental skin friction 
is compared with values from seven different theories on the basis of equiva- 
lent length Reynolds numbers (R x ,v) > i^ is concluded the Sommer and Short T* 
method provides the most accurate estimate of the available compressible turbu- 
lent skin friction, but that further verification is required at the higher 
Mach numbers (above M = 6) where data are scarce and the theories show their 
greatest differences. 
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on a generalized basis (Xg vs. (Yq) h ) from the Wilson theory (eq. (A 2 )), at 
values of (Yg)g > 2.4X10 4 , the Moore -Harkness data fall onto the theoretical 
curve and the present data are slightly below this curve . At intermediate 
values of (Yg)-^ £ 5X10 3 , the experimental values of Xg lie, in general, 
below the theoretical curve at supersonic Mach numbers of 4.2 and less as shown 
in figures 23- At the higher Mach numbers shown in figure 23(c) (M > 5-8) 
insufficient data are available to assess the two theories. 


CONCLUSIONS 


From an experimental investigation of surface pitot tubes for measuring 
local skin friction and from an analysis of existing local skin-friction data 
for turbulent boundary layers on adiabatic flat plates the following 
conclusions can be drawn. 

1 . It was shown that a Preston tube can be used for measuring local skin 
friction accurately, provided the new compressible calibration factors pre- 
sented herein are employed and the tube size is selected so that only the 
linear part of the calibration curve is used. The present calibration curve 
agreed closely with that of Stalmach only within the linear part of the 
calibration curve . 

2. With the Preston tube data reduced on the basis of the new calibration 
factors which include an equivalent incompressible pressure coefficient and the 
flow properties based on the Sommer and Short reference temperature, the super- 
sonic data obtained from Mach numbers 2.4 through 3-4 fall on the Preston 
incompressible calibration curve, even duplicating the nonlinear part of the 
curve . 


3. It was estimated that if a moderate amount of heat transfer is 
encountered (wall temperature about 60 percent of the adiabatic wall tempera- 
ture) and full leading-edge bluntness effects are realized, then the Preston 
tube calibration based on wall temperature and the Mach number indicated by 
the Preston tube would be almost identical with the Preston incompressible 
calibration. Knowledge of this result may be useful if the boundary-layer-edge 
conditions are not measurable. For much larger amounts of heat transfer, the 
estimates indicate that a calibration curve based on wall conditions does not 
fall close to the Preston incompressible curve. 

4. The Stanton tube calibration was nonlinear and was greatly affected 
by the streamwise location of the tube leading edge relative to the static 
orifice over which it was mounted. For these reasons it is believed that a 
Preston tube, which is geometrically easier to duplicate than a Stanton tube, 
is a superior device for measuring local skin friction. 


5 . Experimental skin-friction data from the present investigation fell 
generally between the values predicted from the theory of Sommer and Short and 
that of Wilson at Mach numbers of 2.46 and 2 .96 but tended to favor the pre- 
dicted values from Sommer and Short at a Mach number of 3*45; however, values 
from these theories differ by only about 10 percent at these Mach numbers. 


24 


1 1 


I 



II ■Mill 11 IIIIII 


■1 uni mu 11 1 1 11 mi mu mu 11 in 1 1 


[ 


6. Turbulent skin-friction theories of Wilson and of Sommer and Short, 
in general, bracketed all the skin-friction data measured in past investiga- 
tions. Insufficient skin-friction data were available at the higher Mach 
numbers where these theories differed by as much as 25 percent to assess the 
adequacy of the theories. At Rq z 10 4 the theory of Sommer and Short gave 
skin-friction values which agreed better with the experimental values than did 
the values from the theory of Wilson; however, at % > 5X10 4 , the opposite 
occurred. 


Ames Research Center 

National Aeronautics and Space Administration 
Moffett Field, Calif., Dec. 21, 1965 
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APPENDIX A 


SKIN-ERICTION EQUATIONS 


In this report only two theories were chosen for analyzing the skin- 
friction data: the theory of Wilson (ref. 35) and the reference temperature 

method of Sommer and Short (ref. 36 ). Both the local and the average skin- 
friction coefficients will he given in terms of the Reynolds number based on 
the momentum thickness for each of these theories. Only the skin friction on 
a flat plate with a turbulent boundary layer, zero pressure gradient, and 
adiabatic wall conditions will be considered. 


LOCAL SKIN ERICTION 


Wilson * s Theory 

This theory is based on the assumption that Von Harman’ s differential 
equation for the velocity distribution in the incompressible boundary layer 
applies for compressible flow when the variation in density through the bound- 
ary layer is taken into account (see ref. 35). In reference 8, Moore and 
Har 3m. es s give the skin-friction equation for this theory as 

C f = — (Al) 

or on a generalized basis as 

X H = ^ (A2) 

[4.15 log lo (Y 0 ) H + 2. r jQ] z 



in which the constant term 2.78 was evaluated from available incompressible 
experimental data by Moore and Harkness in a manner consistent with the rest 
of Wilson*s analysis. For incompressible flow, equation (Al) can be simplified 
to 


G 


f 


1 _ 

[4.15 log 1Q R e + 2.78 ] 2 


(A3) 
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Sommer and Short’s Reference Temperature Method 

In this method the fluid properties such as density and viscosity are 
assumed to he based on a reference temperature (T*), the equation for which 
was empirically derived in reference 3 6. Because of the good agreement between 
the experimental and the Von Karman-Schoenherr theoretical values of average 
skin friction for incompressible flow over a wide range of Reynolds numbers 
(from about 5XL0 5 to 5X10 8 ) shown in references 4 and 51, this incompressible 
theory was chosen for applying the Sommer and Short reference enthalpy proper- 
ties for compressible flow. The complete compressible equation for local skin 
friction in terms of Reynolds number based on momentum thickness and the 
Von Karman-Schoenherr incompressible equation can be derived from equations (ID) 
and (ll) of reference 52 as 


*i)C f = 
.T„ ‘ 1 


17.076 


^t)T + 2 5 -ii 2 i°s 10 (Re + 6.012 


or on a generalized basis as 


X s = 


i 7 . 076 [iog lo (Ye) s ] 2 + 25.112 io glo (Y e ) s + 6.012 
For incompressible flow, equation (A 4 ) can be simplified to 

1 


Cf = 


17 .076(iog lo r e ) 2 + 25.112 log 10 Re + 6.012 


(Alt-) 


(A5) 


(A6) 


AVERAGE SKIN FRICTION 


Wilson’s Theory 

From equations (58) and (60) of reference 28 , and since 

r X°F = 2 % 

Wilson’s equation for average skin friction can be written as 


Cp - 


0 .2lt-2 sin 1 


lQ 8 n .0(2% 


m '> 

- L oo 

n 

-w. 


(A7) 


(A8) 
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Sommer and Short's Reference Temperature Method 

An equation, similar in form to equation (A8) , can he written for the 
Sommer and Short theory from the Von Karman-Schoenherr incompressible equation 
(eq. (10) of ref. 52 ) as 


C 


F " 



(A9) 
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APPENDIX B 


SURFACE PITOT-TUBE CALIBRATION FACTORS USED _ IN THE PAST 


£*2 ’ v ’ s • ^2 (^w)Rd 2 Cf’ 


Correlation factors which relate wall shear stress to the surface pitot- 
tube pressure have "been developed in the past from the "law of the wall." For 
incompressible flow., it was shown in reference 53 that a universal relationship 
exists for the part of the velocity profile near the wall (commonly known as 
the law of the wall) that can be expressed as a function of wall shear stress 


u 

u T 



(Bl) 


In reference 25 j Preston shows that the calibration factor from a dynamical 
similarity analysis for surface pitots when assuming the universality of the 
law of the wall (e.g., eq. (Bl)) is 


Apd 2 = f ( -ra 2 \ 

kp V 2 P \bp V 2 / 

OO 00 °Q CO 


(B2) 


In the development of equation (B2) it is assumed that (the difference 

between the pitot pressure and the static pressure) acts at y = d/2; there- 
fore, no displacement effects due to the tube are assumed. For compressible 
flow, several authors have used a compressible form of equation (B2) in which 
the fluid properties (p^ and v^) are based on wall temperature in place of 
free-stream temperature . Following the development of equation (B2) from (Bl) , 
a similar equation can be written for compressible flow 


Apd 2 = f_rdf_\ 

4p v 2 p \4p v 2 / 
H w w K w w 


(B3) 


where u T In equation (Bl) is now defined by t = p^Uj . Equation (B3) 
without the factor 4 has been used by several investigators as the functional 
equation for calibrating surface pitots at supersonic Nlach numbers (e.g., see 
refs. 21 and 22). Another useful form of equation (B3)> particularly for wind- 
tunnel tests, is obtained when this equation is written in terms of pressure 
coefficients, Reynolds number, and skin-friction coefficient 


Apd 2 = 1 Uco'f 

4p v 2 8 VV/ 

H w w 



W 
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and in a similar manner 


Td^ 


^PwV 2 8 


= I f^TjR^Cf 


(B5) 


where f^C^) is as defined in the notation. Then, if equations (B^-) and (B5) 
are substituted in equation (B3) 


| f 2 (T w )Rd 2 C p = F p jj f 2 (T w )R d 2 C f j 


(B6) 


The constant l/8 was not used in plotting the data herein, so to relate the 
calibration factors to the original Preston factors, the following relationship 
is applicable 

8 G^-s) ° f 2( T w)% 2 C p (B7) 

V ^w v w y 

Using the Sutherland equation for low temperatures (T^ < 300° R) as given in 
reference 37 a ud the equation of state in which the pressure is assumed con- 
stant through the boundary layer, the viscosity-density factor in equation (B4) 
can be written as 


Poo 

Pw 


Poo 


By + 198 -£ f (% 

Too + 198.6 


1 „ * 
'CO \ 

-w y 


(B8) 


For adiabatic wall conditions, if a temperature recovery factor of 0.88 is 
assumed, equation (B8) becomes 


^00 

Mw, 


_ /T w + 198 . 6 ' 


. T oo + 198-6/ \l + 0.176^2 


6 


(B9) 


All data presented herein are based on the viscosity-density factor given by 
equation (B9) • 


fi(Ty) sin VS. f 2 (T w )R d 2 C f 


Fenter and Stalmach in reference 27 developed a functional equation for 
use in calibrating surface pitot tubes at supersonic speeds by following 
Wilson*s theoretical approach for skin friction (ref. 35 and eq. (Al) herein). 
A form of the resulting equation is given below. 


£i(^w)^d 

\I~G oo 


sin-^ = f f 7 f 2(T w )R d 2 C f 


(BIO) 


Note that the right-hand side of equation (BIO) is the same as the right-hand 
side of equation (B6) except for the radical. If both sides of equation (BIO) 
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f 


are squared, then this equation -will become another functional equation that 
reduces in form to Preston f s original equation for incompressible flow (see 
p- 7 of ref. 23). The squared form of equation (BIO) was used for the data 
presented here in order to be consistent with Preston 1 s original work. In this 
form equation (BIO) becomes 


■K, 



F, 


f2(T w )Rd Cf 


(Bll) 


wherein fi(T w ) and f 2 (Tw) are as defined in the notation, 
approximate viscosity formula 

0.T68 


= / 

M-w W 


In reference 6, the 


(B12) 


was used to compute the functions fi(Tw) and- f 2 (T w ), although the free-stream 
static temperatures would be below the acceptable minimum temperature (300° R) 
for this formula. For this reason and to be consistent with the presentation 
of the present results which were reduced on the basis of the more exact 
Sutherland formula, the data from reference 6 presented herein were corrected 
by multiplying the calibration functions fi(T w ) and f 2 (T w ) by the following 
ratios: 


[f i(Ty) ] Sutherland 

[fi(Tw) ] A p prox- 

viscosity 

formula 


'T w + 198.6" 


00 





+ 198.6/ \i + o.i76Moo 2 


r) 


(B13) 


[fa(T w )J 


Sutherland 


[f 2 (T w )] 


Approx . 

viscosity 

formula 


[eq. (B13 )] 2 


(Bl4) 
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APPENDIX C 


CRITICAL PRESTON TUBE DIAMETERS 
MAXIMUM 


In reference 27 an equation is given for calculating the maximum Preston 
tube diameter for which a single calibration curve would be expected to be 
applicable. This equation, which is based on the maximum distance from the 
surface for which the law of the wall was found experimentally to be applicable, 
is given below 


(d C r ) 


max 


(0.1061) 





(Cl) 


For the present investigation t (the ratio of ins ide-to-out side tube 
diameter) is 0.6 and the incompressible local skin- friction coefficient was 
computed by Sivells and Payne's approximate formula (ref. 5*0 which is shown 
in reference 52 to give accurately the Karman-Schoenherr skin-friction values 
in the range 10 5 < R x < 10 9 • This formula is: 

0.088 (log 1Q R x - 2.3686) 

Cjo = 

1 (lo glo R x - 1.5) 3 


The boundary-layer thickness for compressible flow "was computed as 

6 = 0 e = *C F 

c (e/6) c 2 (e/s) c 


(C3) 


in which C F was defined by the Sivells-Payne approximate formula for 
average skin friction (ref. 5^) as 


C 


F " 



0.088 



(C4) 


a nd (e/&) c was computed from reference 55 (sq.* (24-)) in which a l/7-power 
velocity profile was assumed. For the computations herein, 50 terms were 
summed , so that 


(e\ = 1 V 1 r (G5) 

W e 1 + 0 .2M 2 Li (8 + 2i) (9 + 2i)K 1 

i=o 


where 
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where 


and as 


Also, for this boundary layer 


K = 1 ± 0.2M"? 

0.2MOO 2 


M -* 0. — -> J~ 
^ s 12 


\ = 1 

sy. 8 


(c6) 


therefore, by substituting equations (C3) and (C 6 ) in equation (Cl), we obtain 

( d cr) mx _ 0.00829C F 


n/c^T(0/b), 


(C7) 


MINIMUM 


In the present investigation it was found that the Preston tube calibra- 
tion was linear on a log-log plot above a value of f^TOPd^f = 10 . For 
this reason and because only the present data within the linear part of the 
calibration curve agreed with values measured in reference 6 , it was con- 
sidered prudent to limit the Preston tube minimum size for a given application 
to f 2 (l f )Rd 2c f = 10 4 . From this assumption, the Reynolds number based on the 
minimum tube diameter becomes 


Poo V <x,( d cr) 


min .. 


10 4 


f 2 (T')C f 


(C 8 ) 


By employing the approximate viscosity relationship (eq. (B12)) and the 

reference temperature of Sommer and Short for the adiabatic wall case 

[T f = Too(l + O.llteM^ 2 )] in equation (C 8 ), we can obtain the following equation 



10 2 (1 + O.llteM ^ 2 ) 1,368 


(C9) 


For the figures presented herein, the local skin-friction coefficient (Cp) in 
equation (C 9 ) was computed by the compressible Sivells and Payne equation 
(ref. 5 ^) given below 
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- 2.3686 


(CIO) 


mi! 111 


■where 


Cf 


0.088 








1.T68 


0 .ll42Moo 2 


0 
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APPENDIX D 


C f DERIVED EROM de/dx 


In several of the reports for which local skin-friction data are 
presented in figures 21 through 23 , the skin friction was not measured directly 
hut instead the momentum thickness of the boundary layer was measured at 
various streamwise locations. It was necessary, therefore, to derive the local 
skin- friction coefficient (Cf) from a differentiation of the equation defining 
the change in momentum thickness of the boundary layer with streamwise dis- 
tance . The usual equation for zero pressure gradient relating Cf to momentum 
thickness given below was used in the calculations 

C f = 2 (Dl) 

dx 

Values of Cf from references 46 and 48 had already been derived from 
measured values of 6. Listed below are the equations relating 9 to the 

derivative equations (d©/dx) and the references from which the equations 
( 9 = f(x-y)) were taken. The distance from the virtual origin of the turbulent 
boundary layer to the point at which 9 is measured is Xy. 


I Refer-] 
ence 




h-2. 


if7 


Equation for 0 = F(x v ) 

, . °: Q26 5K>°‘* m 

WO -' 1 

where Xy - x - 1, in. 

5.85# logioUaeKv^vJ] = ^ 

(D3) 

where x v = x, in. 


0 - 


0 .094^ 


[log lo (0.0692R x , v )] S ’ 6 

(D4) 

where x v = x - 2, in. 
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TABLE I.- CALIBRATION FACTORS AND FLOW CONDITIONS FOR THE PRESENT DATA 



i2? 

ft 2 

V 

°R 

°R 

(Tv) me as > 
°R 

Vco/ 

X10 

per 

-a 

ft 

— 

C P 

Type 

tube 

Tube 
height , 
in. 

Stanton 

tube 

position 

Of 

M s 

fetTjR^Cp 

f 2 (T v )Rd 2 c f 



f2(T*)% 2 C f 

[fxW^s^^)] 2 

2.4-19 

189 

540 

505 

527 

1.015 

0.1983 

Preston 

0.06l 

_ 

0.00142 

0.962 

7.676XLO 5 

5.506x10® 

6 . 121X10® 

1.021XL0 6 

9.178X10 3 

5.688X105 













.2211 



.090 

- 



1.006 

I.865XLO 6 

1.200XL0 4 

1.459X10® 

2.432x10® 

2.001XL0 4 

1.339X10 S 













.2404 



.126 

- 



1.040 

3. 975X10® 

2.352XL0 4 

3.056XL0 6 

5.095XL0 6 

3-922XL0 4 

2.779XIO 6 













.2684 



.188 

- 



I.O87 

9. 885XIO 6 

5 .239XLO 4 

7.436XL0 6 

1.240XL0 7 

8.734XL0 4 

6.672XL0 6 



\ 




V 




\ 


.1567 

Stanton 

.189 

Rearward 



.872 

5.821X10® 

5.265XL0 4 

4.827XL0 6 

8.o48xlo 6 

8.811X10 4 

4.592XLO 6 

2.432 

193 

547 

512 

532 

1.020 

.1277 

Preston 

.031 


.00142 

.803 

1.277XL0 5 

1.4l8XL0® 

1. 090XL05 

1.821XL0® 

2.369XL0 3 

1.054X105 













.2165 



.090 

- 



1.002 

1.825XL0 8 

1.195X10 4 

1.431XL0 6 

2.390XL0 6 

1.998X10 4 

1. 313X10® 













.2471 



.126 

- 



1.056 

4. O83XIO 6 

2.343x1c 4 

3.115X10® 

5 .2o4xlo 6 

3.915X10 4 

2.819XIO 6 













.3106 



.250 

- 



1.157 

2 .020X10 7 

9 .224-X10 4 

1.472XL0 7 

2 .459XLO 7 

1.541x10 s 

I.293XLO 7 

V 



\ 




\ 




.2103 

Stanton 

.189 

Forward 



.990 

7,807X10 6 

5.265XL0 4 

6.152X10® 

1.028XL0 7 

8 . 796XLO 4 

5.669XL0 6 

2.438 

296 

558 

521 

533 

1.523 

.1582 

Preston 

.031 

- 

.00130 

.882 

3.524x105 

2.885X10 3 

2.919x105 

4.869x10® 

4.819XL0 3 

2.766x10 s 













.2350 



.090 

- 



1.037 

4.413X10® 

2.432XL0 4 

3.397x10® 

5.673x10® 

4.062XL0 4 

3.094x10® 













.2732 



.126 

- 



1.101 

1.006XL0 7 

4.766XL0 4 

7.510XLO® 

1.254xi0 7 

7 . 96ixi0 4 

6.713x10 s 













.3^37 



.250 

- 



1.208 

4.981XLO 7 

1 .876XLO 5 

3.557XL0 7 

5.941XL0 7 

3. 134x10 s 

3.075XLO 7 









\1 


\ 


.2172 

Stanton 

.189 

Forward 



1.005 

1 . 797XL0 7 

1.071X105 

l.4o6xio 7 

2.348xi0 7 

1.789x10® 

1.290XLO 7 

2.445 

2f 

J4 

544 

508 

521 

I.5I6 

.2118 

Preston 

.061 

- 

.00127 

•997 

I.778XLO® 

1.065XL0 4 

1. 396XLO® 

2.340XL0® 

1.784XI0 4 

1.286XIO 6 













.2251 



.090 

- 



1.022 

4.121X10® 

2.320XL0 4 

3.199XL0 6 

5. 361x10® 

3.89OXLO 4 

2.924XL0 6 













.2664 



.126 

- 



1.093 

9.556XL0 6 

4.548XL0 4 

7,i68xlo 6 

1 .202X10 7 

7.624X10 4 

6.426X10® 













.2961 



.188 

- 



l.l4o 

2.366XLO 7 

1.013XL0 5 

1.737X10 7 

2. 912X10 7 

I.698XLO 5 

1.534X10 7 



\ 






\ 




.1556 

Stanton 

.189 

Rearward 



.878 

1.254x10 7 

1. 022XL0 S 

i.o4oxlo 7 

1.743X10 7 

1.713x10 s 

9.872XLO 6 

2.446 

386 

554 

517 

521 

2.011 

.2114 | Preston 

.061 

- 

.00129 

.996 

3.136XLO® 

1.918XL0 4 

2.460XL0 6 

4.H8XL0 6 

3.211X10 4 

2.268X10® 













.2452; 


.090 

- 



1.058 

7.927XIO 0 

4.180XL0 4 

6 ,o48xlo 6 

1.013XL0 7 

6.998XL0 4 

5.471X10® 













.2912 



.126 

- 



1.133 

1 .845XL0 7 

8.192XL0 4 

1.359XL0 7 

2.277XL0 7 

1.372X10 5 

I.203XIO 7 













.3248 



.188 

- 



1.183 

4. 584X10 7 

1. 825X10® 

3.301X10 7 

5.528X10 7 

3.055X10® 

2.880X10 7 





\l 




\ 




.1540 Stanton 

.189 

Rearward 



.874 

2 .193XLO 7 

1.841X10 5 

1.818x10 7 

3.o44xlo 7 

3.082X10® 

1,720x10 7 

2.441 

402 

568 

531 

533 

2.014 

.1749 Pre 

3 ton 

.031 

- 

.00132 

.920 

6.831X10 5 

5-143XL0 3 

5 .548XL0® 

9.259x10 s 

8.582XL0 3 

5.219x10 s 













.2460 



.090 

- 



1.057 

8.099X10® 

4.335X10 4 

6 ,173x10® 

1.030XL0 7 

7.233XL0 4 

5.588XL0 6 













.2843 



.126 

- 



1.120 

1. 835XLO 7 

8.496XLO 4 

1.359x10 7 

2. 268X10 7 

1.4l8xtO s 

1.208X10 7 













.3773 



.250 

- 



1.255 

9. 583X10 7 

3.344x10® 

6.714XL0 7 

1 .120XL0 8 

5.581XL0 5 

5.723XL0 7 













.2273 Stanton 

.189 

Forward 



1.024 

3.295XL0J 

I.909XIO 5 

2.551XL0 7 

4.258XL0 7 

3.186x10 s 

2.333X10 7 

2.441 

395 

% 

52 

525 

■ 533 

2.017 

.1707 Preston 

.031 

- 

.00131 

0.911 

6.654XL0 5 

5.123X103 

5.430x10 s 

9.074XL0® 

8.559XLO 3 

5.117X10 S 













.2438 



.090 

- 



1.054 

8.009X10® 

4.318XLO 4 

6 .125x10® 

1.023XL0 7 

7.214XL0 4 

5.541XL0 6 













.2787 



.126 

- 



1.111 

1.795X10 7 

8 . 464XL0 4 

1.334XL0 7 

2. 229XL0 7 

1.4l4xiO s 

1.190X10 7 













.3810 

s 


.250 

- 



1.260 

9. 659XS-0 7 

3-332X105 

6. 755X10 7 

1 .129XL0 8 

5.566X10® 

5.747XLO 7 













.1339 Stanton 

.0625 Rearward 



.822 

2.121X105 

2.082X10 4 

1.795XL0® 

3.002X10® 

3.479XL0 4 

1. 737x10® 

2.445 

498 

566 

529 

532 

2.511 

.2282 Preston 

.061 

- 

.00126 

1.027 

5.319XLO® 

2.945X10 4 

4.112X10® 

6.87IXLO® 

4.921XIO 4 

3. 756X10® 













.2601 



.090 

- 



I.O83 

1.322XL0 7 

6.419XL0 4 

9.972x1.0 s 

1.665XL0 7 

1.073XL0 5 

8.958XLO® 













.2978 



.126 

- 



1.143 

2. 966XLO 7 

I.258XLO® 

2. 176x10 7 

3.637XL0 7 

2.102x10 s 

I.920XLO 7 













.3281 



.188 

- 



1.188 

7- 278XLO 7 

2 .802X10 5 

5.237XLO 7 

8.749XL0 7 

4.682x10 s 

4. 556XIO 7 





\ 








.1559 Stanton 

.189 

Rearward 

\ 


.878 

3. 488X10 7 

2,827x10® 

2. 885x10 7 

4. 821X10 7 

4.724XL0 5 

2.744XL0 7 

2.442 

5< 

36 

575 

537 

533 

2.496 

.1854 Pre 

ston 

.031 

- 

,00 

127 

>9^3 

i.:ll4xlo s 

7.628XIO 3 

8.960XLO 5 

1.494x10® 

1.272XL0 4 

8.370x10 s 













.2515 



.090 

- 



I.067 

1.273x10 7 

6.429X10 4 

9.663x10® 

1.612X10 7 

1.072XL0 S 

8.714XL0® 













.3042 



.126 

- 



1.151 

3. 018x10 7 

1 .260x1.0 s 

2.204XL0 7 

3. 676x10 7 

2.102XL0® 

1.941X10 6 













.3843 


f 

.250 

- 



1.265 

1.501x10 8 

4.961XLO 5 

1.048XL0 8 

1.748XLO® 

8.273X10 S 

8.90OXIO 7 













.2345 Stanton 

.189 

Forward 



1.038 

5.228XL0 7 

2.832x10 s 

4.028XL0 7 

6. 718XIO 7 

4.723X10 5 

3.663XIO 7 

2.1 

+47 

5 

30 

571 

533 

533 

2.4 

98 

.1822 Preston 

.031 

- 

.00130 

.938 

1. 088X10® 

7.78IXLO 3 

8.774x10 s 

1.465X10 6 

1.300XL0 4 

8.208x10® 













.2459 



.090 

- 



1.059 

1.2 37X10 7 

6.55QXIO 4 

9.422X10® 

1.574X10 7 

1. 096XIO 5 

8.52OXLO® 













.2974 



.126 

- 



1.143 

2. 932X10 7 

1.285XLO® 

2. 151X10 7 

3. 593X10 7 

2.147X105 

1.898x107 













.4015 



.250 

- 



1.290 

1.558x10 s 

5.060XL0® 

1.078x10® 

1.802XL0 8 

8. 454xlo 5 

9.090XL07 











\ 


.1372 Stanton 

.0625 Rearward 



.832 

3.328x10® 

3 .162XL0 4 

2.804XL0® 

4. 685x1.0® 

5.283XIO 4 

2.699XIO® 

2.1J68 

b 

71 

582 

544 

548 

3.270 

.2427 Preston 

.061 

- 

.00127 

1.061 

9.422XL0 6 

4.944XL0 4 

7.174X10® 

1.202XL0 7 

8 .2&5XL0 4 

6.492x10® 













.2570 


.090 

- 



1.085 

2 .176x10 7 

1.078XL0 5 

1 . 636XLO 7 

2. 742X10 7 

1. 806x10® 

1.472XL0 7 













.3081 



.126 

- 



1.167 

5. 111X10 7 

2 . 112X10® 

3.709XL0 7 

6. 216XL0 7 

3 .540X10® 

3.252XL0 7 













.3445 



.188 

- 



1.221 

1.273x10 8 

4 . 704xlo s 

9. 044x10 7 

1.515XLO® 

7.883XL0 5 

7. 795X10 7 



■ 










.1517 Stanton 

.189 

Rearward 


f 

.875 

5. 654x10 7 

4.747x10® 

4. 685x10 7 

7.851XL0 7 

7.954xlo s 

4. 461X10 7 




TABLE I.- CALIBRATION FACTORS AMD FLOW CONDITIONS FOR THE PRESENT DATA - Continued 




. . . , Vco/Voo, 

T t> ( T w)meae^ X10“® 

lb/ft 2 °R °R °R per ft 


' Tube Stanton 

height, tube 
tube i n . position 


C f 


Ms 


fa(I w )Ra 2 0p fadvlRa^f fa(T w )Ba 2 (||) fad’ fa(T')Rd 2 Cf fi(T w > ^)j 


2.935 

l6l 

537 

496 

526 

1.007 

0.1497 Preston 

0.06l 

_ 

0.00124 a 

1.005 

3.015XL0 5 

2.507XL0 3 

2.36IXIO 5 

4.404X10® 

4.676XIO 3 

2.203x10® 








.1725 



.090 

_ 


1.063 

7.569x10® 

5.466XL0 3 

5.755X10 5 

1.074X10® 

1.019X10 4 

5 .291x10 s 








.1991 



.126 




1.126 

1.713XL0 6 

1.071X10 4 

1.266X10® 

2.361x10® 

I.998XIO 4 

1.143X10® 









.2277 



.168 

- 



1.188 

4.362x10 s 

2.386XIO 4 

3.138x10® 

5. 853X10® 

4.450X10 4 

2.782XL0 6 


r 






/ 

t .1232 Stanton 

.169 

Rearward 



.927 

2. 382X10® 

2.4O7X10 4 

1.929XIO® 

3.597x10® 

4.489X10 4 

1. 84ixi0® 

2.937 

169 

552 

510 

5: 

2 1.010 

.0768 Preston 

.031 

- 

.00124 

.758 

4.056X10 4 

6.546X10 2 

3.517X10 4 

6 .546xio 4 

1 .217XL0 3 

3.493XIO 4 









.1702 



.090 


^ .UUJ 


1.058 

7.575XL0 5 

5.518XIO 3 

5.776XIO 5 

1.074X10® 

1 .027X10 4 

5. 316XLO® 









.2023 



.126 

_ 



1.134 

1.765x10® 

1.081X10 4 

1.301X10® 

2.420X10® 

2 .012X10 4 

1.171X10® 









.2540 



.250 

- 



1.242 

8.724x10® 

4.257X10 4 

6.143x10® 

1.143X10 7 

7.921X10 4 

5*359X10® 


t 




\ 

r 


t .1720 Stanton 

.169 

Forward 



1.062 

3.372X10® 

2 .431XL0 4 

2 .563X10® 

4.769XIO 6 

4.522XL0 4 

2.359x10 s 

2.906 

& 

CD 

550 

508 

534 

1.000 

.0721 Preston 

.031 

- 

.00125~ 

.730 

3.872XIO 4 

6 . 710X10 2 

3.389X10 4 

6.269XIO 4 

1. 241X10® 

3.386XIO 4 









.l6l8 



.090 

_ 

[ .OUJ 

LL3; 

1.028 

7.322X10 5 

5 .655XIO 3 

5.663XIO 5 

1.048x10® 

1 .046 X10 4 

5 .252X10® 









.1910 



.126 

_ 



I.099 

1.695x10® 

1.109XLO 4 

1.269X10® 

2.342X10® 

2 .051XL0 4 

1.153X1O 0 









.2539 



.250 

_ 



1.231 

8.866X10® 

4.364X10 4 

6.266x10® 

1.159X10 7 

8.074X10 4 

5.480XL0 6 

1 

' 





' 

t 

f .0816 Stanton 

.0625 Rearward 



.772 

I.78IXLO 5 

2.728XIO 3 

1. 540X10® 

2.850X10® 

5 .046X10 3 

1.521X10® 

2.944 

259 

565 

522 

533 

1.501 

.1097 Preston 

.031 

_ 

.00112 

.886 

1.281XL0 5 

I.313XLO 3 

1.058x10 s 

I.966XLO 5 

2.441X10 3 

1.019X10® 









.1864 



.090 

_ 



1.099 

1. 835XLO 0 

l.i07X10 4 

1.372XL0® 

2.549X10 Q 

2.057X10 4 

1.250X10® 









.2198 



.126 

_ 



1.174 

4.241XL0® 

2.169X10 4 

3.068x10® 

5.703X10® 

4.033X10 4 

2.732X10® 









.2824 



.250 

_ 



1.300 

2.145XL0 7 

8.54OX10 4 

1.481XL0 7 

2.753X10 7 

I.587XIO® 

I.268XIO 7 


’ 





f 

f \ 

' .1765 Stanton 

.189 

Forward 



1.076 

7.653x10® 

4.875XL0 4 

5.78IXIO® 

I.077XIO 7 

9-062X10 4 

5. 299XIO 6 

2.940 

256 

564 

521 

535 

1.485 

.1067 Preston 

■031 

_ 

.00112 

.874 

1 .225x10 s 

1.280XL0 3 

1.015XL0 5 

1 . 885XLO 5 

2.379X10 3 

9.809XLO 4 









.1825 



.090 

_ 



1.089 

1.766x10® 

I.079XLO 4 

1.328XLO® 

2.466X10® 

2.005X10 4 

1.212X10® 









.2167 



.126 

_ 



I.166 

4.111x10 s 

2.115XL0 4 

2.984X10® 

5.544X10® 

3.930XL0 4 

2.663X10® 









.2822 



.250 

_ 



1.298 

2. 107X10 7 

8.326XIO 4 

1.455XL0 7 

2.703X10 7 

1.547x10 s 

1.247X10 7 

V 

' 






f \ 

' .0966 Stanton 

.0625 Rearward 



.838 

4.510XL0 5 

5.203XL0 3 

3.793X10® 

7.046x10® 

9. 667x10® 

3.699X10 S 

2.973 

353 

576 

532 

533 

2.003 

.1326 Prestbn 

.031 

- 

.00113 

.966 

2.686x10 s 

2 .289XIO 3 

2.139XL0 S 

3.990X10® 

4.271X10® 

2.021X10& 









.2019 



.090 

_ 



1.144 

3.446x10® 

I.93OXLO 4 

2 .527X10® 

4 . 7i4xiO® 

3 .600X10 4 

2 .274XL0 a 









.2197 



.126 

- 



1.183 

7.352x10® 

3.762XIO 4 

5.299X10® 

9.888XLO® 

7.055X10 4 

4.713X10® 









.3073 



.250 




1-357 

4. 048X10 7 

I.469XIO 5 

2.744X10 7 

5 .II9XLO 7 

2.777X10® 

2.310X10 7 

\ 







f \ 

' .l86l Stanton 

.189 

Forward 



I.107 

1.400X10 7 

8.496XLO 4 

1.043X10 7 

1.945X10 7 

1 .585x10 s 

9.486X10® 

2.946 

349 

5^8 

534 

535 

1*957 

.1320 Preston 

.031 

- 

.0012.4 

■957 

2.639XIO 5 

2.278XIO 3 

2. 110X10® 

3.915XIO 5 

4.226X10® 

1.997X10® 









.1954 



.090 

_ 



1.121 

3.294x10® 

1.920XL0 4 

2.441X10® 

4.528XLO® 

3.562X10 4 

2.208X10® 









•2359 



.126 

_ 



I.209 

7.792x10 s 

3.763XLO 4 

5.563x10® 

1 .032X10 7 

6.982XLO 4 

4.902X10 S 









.2958 



.250 




1.326 

3.847XL0 7 

1. 481X10® 

2.635XL0 7 

4.888XL0 7 

2.749X10 S 

2 .237X10 7 


\ 







r .1054 Stanton 

.0625 Rearward 



.871 

8.566XLO 5 

9.257X10 3 

7.104X10® 

1.318X10® 

1.718X10 4 

6.877X10® 

2.961 

445 

585 

541 

530 

2.456 

.1912 Preston 

.061 

_ 

.00111 

1.116 

2.299XLO 6 

1.330X10 4 

1.708x10® 

3.174x10® 

2.473X10 4 

1.548X10® 









.2092 



.090 

_ 



1.156 

5-482XL0® 

2.900XL0 4 

3,994x10® 

7.423x10® 

5.390XL0 4 

3.580X10® 









.2338 



.126 

_ 



,1.209 

1.201XL0 7 

5.684X10 4 

8.563XLO® 

1.591X10 7 

1.056X10® 

7.552XL0 S 










.2730 



.166 

_ 


11.288 

3.123XLO 7 

1.266X10 5 

2.165X10 7 

4.023X10 7 

2.353X10® 

1.862X10 7 

\ 


> 








' .1249 Stanton 

.189 

Rearward 


' 

■939 

1.442X10 7 

1 .277X10 5 

I.161XIO 7 

2. 15QXIO 7 

2.374X10 5 

1.106X10 7 

2.927 

457 

593 

548 

534 

2.454 

.1499 Preston 

.031 

_ 

.00110 

1.003 

4.878XLO 5 

3.587XLO 3 

3.821x10® 

7.047X10® 

6.614X10 3 

3.569X10 S 












.2018 



.090 

_ 



I.129 

5.534X10® 

3.023XL0 4 

4.080XL0® 

7.520XLO 6 

5-575X10 4 

3.683XL0® 













.2470 



.126 

_ 



1.225 

1.328x10 7 

5.925XIO 4 

9.417XLO® 

1.737X10 7 

1.093X10® 

8.254X10® 













.3251 



.250 

_ 



1.371 

6 .880XLO 7 

2.333X105 

4.643XL0 7 

8.564X10 7 

4.301X10® 

3. 885X10 7 






f 

\ 






.1899 Stanton 

.189 

Forward 



1.102 

2 .294X10 7 

1.332X10 5 

, I.712XLO 7 

, 3.157X10 7 

2.455X10® 

1.558X10 7 

2.959 

424 

573 

529 

533 

2.415 

.1447 

Preston 

.031 

_ 

.00115 

■997 

4.324X10 5 

3.331XLO® 

3*393X10® 

6.315X10® 

6.201X10 3 

3.179X10® 













.2051 



.090 

_ 



1.147 

5.164XL0® 

2.808X10 

3.783XLO® 

7.042X10® 

5.227X10 4 

3-397X106 













.2293 



.126 

- 



1.199 

■ 1.132XL0 7 

5.503XIO 4 

8. 105x10® 

I.509XIO 7 

1.024X10® 

7.166X106 













• 3l4l 



.250 

_ 



1.364 

6.103X10 7 

; 2.166X10 5 

4.129XLO 7 

7.685XIO 7 

4.033X10® 

3. 466X10 7 












' 

.1389 

Stanton 

.0625 

Forward 



.981 

I.687XIO 6 

1.354X10 4 

1, 335X10® 

2.485X10® 

2 .520X10 4 

1.254X10 6 

2.947 

450 

591 

546 

536 

2.439 

.1471 

Preston 

.031 

_ 

.00113 

1.001 

4.611X10 5 

3.550X10 3 

3.616x10 s 

6 .696x10 s 

6.572X10® 

3.380X10 S 













.2067 



.090 

_ 



1.147 

5.460X10® 

2.992X10 4 

4,001X10® 

7.409x10® 

5.539X10 4 

3.591X10® 













.2376 



.126 

_ 



I.213 

1.230X10 7 

5.864XL0 4 

8. 770X10® 

1.624x10 7 

1. 086x10® 

7.717X10® 













.3034 



.250 

_ 



1-340 

6. 183X10 7 

2.309XL0 5 

4. 213X10 7 

7.802XIO 7 

4.274x10® 

3.564X10 7 













.1083 

Stanton 

.0625 

Rearward 



.882 

1.379X10 6 

1.443X10 4 

1.140X10® j 

2.111X10® 

2.671X10 4 

1. 100X10® 


l See footnote, page 42. 



TABLE I.- CALIBRATION FACTORS AND FLOW CONDITIONS FOR THE PRESENT DATA - Concluded 


ft 


%»> , 
lb/ft e 


°R 


(Tv) m 


XLO"6 
per ft 


Type 

tube 


Tube 

height, 

in. 


Stanton 

tube 

position 




fa(®»)Rd 0 f 




fslT'JSd 2 


f 2 (T')Sd 2 C f 




2.978 


606 


611 


564 


537 


>|f V ■ v * v 

3.232 : 70 550 - 505 ■ 537 


3.376 137 ,547 ■ 501 529 


3.463’ 258 1 570 521 531 


3.474 296 561 531 531 


3.443 377 590 540 531 


3.157 


.464 


•959 


i 1.463 


1.954 


2.399 


3.451 370 584 534 534 2.403 


0.2066 

.2176 

.2492 

.3080 

.1238 

.0409 

.0692 

.1096 

.1488 

.0667 

.0969 

.1232 

.1469 

.1848 

.0945 

.1263 

.1488 

.1749 

.2037 

,1020 

.1452 

.1613 

.1823 

.2162 

.1044 

.1548 

.1692 

.1971 

.2334 

.1068 

.1023 

.1726 

.1910 

.2586 

.1576 


Stanton 

.’Preston 


Stanton 

Preston 


< Stanton 
.Preston 


(Stanton 
: Preston 


Stanton 

Preston 


Stanton 

Preston 


0.06l 

.090 

.126 

.188 

.189 

. 06 l 

.090 

.126 

.188 

.189 

.061 

.090 

.126 

.188 

.189 

.061 

.090 

.126 

.188 

.189 

.061 

.090 

.126 

.188 

.189 

.061 

.090 

.126 

.188 

.189 

.031 

.090 

.126 

.250 

.189 


0.00110 |1 
1 
1 
'1 

c«i 


Rearward - 


, , . 00111 ®- < 
! ( .00090) . 


. 00101“' ' 1 
{ .00089) ij 

'1 

J 1 

.00097® 1 1 
■(.00090) -l 
1 
'l 

,00096 a 
( .00091) 

1 


.00094® 
(.00093) 1 

1 
1 
|l 


,156 
.181 
.247 

.360 
,940 
.623 
,788 
• 957 
.082 
-775) 
.943 
.039 
■115; 
.223 
•933-' 
.071 ■ 
.144’ 
.221 
.299 

.963I 

.136 1 
.184 . 
.244 1 3 
■ 335 
•995 
.157 
.199 
.275 . 
.3671 1 
.997 6 
.982 
.211 
.262 
.430 , 
.167 ! 


.097x10 s 
.406X10 S 
112XL0 7 
812XL0 7 
356X10 7 
224XL0 4 | 
512X10 4 ' 
.400X10 S 
.235X10 5 
915XL0 5 ' 

033x10 s 
.863x10® , 
692 XIO 5 
.875x10 s 

.677X10 5 
.884x10 s . 
405X10 5 ' 
. 706x10 s 
.425x10® i 
235x10 s I 
88ixio 5 
425X10® 
.155X10® 
.333X10 S , 

.062x10 s 
.910x10® | 
. 360x10 s 
. 389x10 s 
.421X10 7 i 

.561x10 s I 
.673x10 s ' 
.380x10 s 
.161x10 s . 

■751X10 7 ’ 

.569x10 s 


2.183XL0 4 
4.759X10 4 
9.328XL0 4 
2.077x10 s 
2.096XL0 5 
2.959xiO a 
6.45ixi0 2 
1.265XLO 3 
2.815X10 3 
2 .841X10 3 
1.181X10 3 
2.574X10 3 
5 .044XL0 3 
1.123X10 4 
1.133X10 4 
2.317XLO 3 
5 .049XL0 3 
9.895XLO 3 
2.205X10 4 
2 .224X10 4 
3.946X10 3 
8.602X10 3 
1.686 XL 0 4 
3.754X10 4 
3.789X10 4 

6 .U9X10 3 
1.334X10 4 
2.614XL0 4 
5.823X10 4 
5.875XIO 4 
1.538XL0 3 
I.296XIO 4 
2.541X10 4 
9.998XLO 4 
5 . 709XL0 4 


2.988x10 s 
6.787XLO® 
1.486XL0 7 
3-935X10 7 
I.896XLO 7 
1.112X10 4 
3.876XLO 4 
1 .120XL0 5 
3.190X10 S 
1.651XL0 S 
8.317XLO 4 
2 .201X10 5 
4.969XL0 S 
1.331XK* 5 
7.822X10 5 
2.184XL0 5 
5.430X10 S 
1.213X10® 
3.056XL0 6 
1.765X10® 
4.331XL0 5 
1.026x10^ 
2.219X10® 

5.692x10 s 

3.192X10® 
7.228X10 5 
1.691XLO s 
3 . 749XLO 6 
9.597X10 S 
5 .151XL0® 

1.324x10 s 
1 .698X10 6 
3 .614X10® 
1.827XL0 7 
6.943XL0 S 


5 .546xlo 6 
1.26OXLO 7 
2.758XLO 7 
7.306XLO 7 
3.520X10 7 
2.186XLO 4 
7.618XLO 4 
2 .201XL0 5 

6.269x10 s 
3.244x10 s 
1. 676XLO 5 
4.435X10 5 
1.001XL0 6 
2.683X10® 
1.576X10® 
4.441X10 5 
1.104x10 s 
2.466x10 s 

6.214X10® 

3.590X10® 

8.800X10 S 

2 .085x10® 
4.511x10® 

1.157X10 7 

6.488x10® 
1.460X10® 
3.415x10 s 
7.569XIO 6 
I.938XLO 7 
l.o4oxio 7 
2 .680x10 s 
3. 436x10® 

7.317XL0 S 
3.697XIO 7 
1.405x10 7 


4.053X10 4 
8 .834XLO 4 
1.731XL0 5 

3.856x10 s 
3.891x10 s 
5*8l6xiO a 
1.268XL0 3 
2.484XL0 3 
5.534XL0 3 
5 .584XL0 3 
2.377XLO 3 
5.182X10 3 
1.016XL0 4 
2 .262XLO 4 
2.283XLO 4 
4.710XLO 3 
I.027XIO 4 
2 .012XL0 4 
4.482XL0 4 
4.522XL0 4 
8.022XL0 3 
1.748XL0 4 
3.427X10 4 
7.633XL0 4 
7-702XL0 4 
1.236XL0 4 
2.693XL0 4 
5-279XL0 4 
I.I76XLO 5 
1.187XL0 S 
3-H3XL0 3 
2.623XL0 4 
5.141X10 4 
2.024x10 s 
1.156x10 s 


2 .680X10® 
6 .042XL0 6 
1.295XL0 7 
3.311XL0 7 
1.806XL0 7 
1.143XL0 4 
3.846XL0 4 
1.068XL0® 
2.946X10® 
1.644XL0 5 
7.986XL0 4 
2.063X10 S 
4.562XL0 S 
1.184X10® 
7.533X10® 
2.032X10 5 
4.952XL0 5 
1.082X10® 
2. 660X10® 
1.682X10® 
3.958XL0 S 

9.256x10 s 

I.966XIO® 

4.902XL0 6 

3.031X10® 

6 .563x10® 

1.518X10 6 
3.291X10® 
8.165X10® 
4.889XLO 6 
1.260X10 5 
1. 518X10® 
3.179XLO® 
1.526X10 7 
6 .290X10® 


a These skin- friction coefficients were computed by the Sommer and Short T 1 theory (ref. 36) from the 
f 2 (T')R d 2 C f for the low pressure flow conditions. See equation (A4) and the accuracy section. All other 
directly by the skin-friction balance. 


measured values of Rg in order to improve the accuracy of f 2 (Tvr)R^ 2 Cf and 
skin-friction coefficients listed including those in parentheses were measured 


TABLE II.- CALIBRATION FACTORS 9, FOR DATA FROM REFERENCE 6 


Moo 

°R 

M s 

Tube 

height, 

in. 

' 

f 2 (T w )R d 2 C f , 

1 

_ fl(T o % v t). 

12 

f 2 (T')% 2 C f 


2.480 546 ' 1.100 

0.012 

1 . 028 X 10 4 

9.633XIO 5 

1 . 737 X 10 4 

1 . 753 XLO S 

2.468 



I.O65 

; 3 . 481 XL 0 3 ' 

2 . 390 X 10 5 

5 . 865 X 10 3 

4 . 386x10 s 

2.737 

\ 

\ 

I.I67 

2 - 519 X 10 4 

2 . 742 XL 0 6 

4 . 5 o 4 xio 4 

5 . 352 X 106 

2.719 547 1 1.126 

7.635x10 s 

6.792XIO 7 

1.36OXIO 4 

1 . 325 XLO s 

2.711 



1.085, 

2.506KL0 3 i 

1 . 741 X 10 5 

4.456x10 s 

3.117x10 s 

2.981 

\l 

f 

1.236 

1.696KL0 4 

1 . 722x10 s 

3.189XIO 4 

3.655x10 s 

2.966 540 I.180 ; 

1 5.032x10 s 

4 . 223 X 10 5 

9.437x10 s 

8 . 684 x 10 s 

2-941 



I.O96 

1 1 . 662 XL 0 3 1 

9.89OXIO 4 

3.102x10 s 

1.994x10 s 1 

3.196 

\ 

f 

1.261 

1 . 341 X 10 4 

1.316x10 s 

2.623X10 4 

2.917x10 s | 

3.159 542 1.185 

5 .oi 4 xio 3 1 

4 . 056 XL 0 5 

9.744x10 s 

8.733x10 s 

3.135 



1.036 1 

1.360x10 s 

7.069XLO 4 

2.632XLO 3 

1 . 420 X 10 5 

3-375 

\ 


1 . 224 1 

■ 1 . 021 X 10 4 

9.434x10 s 

2.060XLO 4 

2 . 117 X 10 S 

3.372 539 ' 1.195 

; 4 . 111 XL 0 3 

3. 283x10 s 

8.292x10 s 

7 . 334 XL 0 5 

3.368 


1.075 

\ 

/ ; 1 . 020 XL 0 3 1 

4.977XIO 4 

2 .055x10 s 

1.085x10 s 

2.490,546' 1.250 

.020 

Q. 343 X 10 4 

1 . 240 XL 0 7 

1.582x10 s 

2.388XIO 7 

2.483 



1.219 

• 2 . 824 XL 0 4 

3 - 147 X 10 6 

4.775XIO 4 

5.902x10 s 

2.484 

\ 

V 

1.262’ 

9 . 212 X 10 3 

8 . 417 KL 0 5 

l.558xio 4 

1.609x10 s 

2.739 547 1.298 



7 . 133 X 10 4 1 

9.264x10 s ; 

1.276x10 s 

I.885XIO 7 

2.728 



1.253 



1 . 64 ixlo 4 

I.689XIO 6 

2.928X10 4 

3 .530xio s 

2.729 

\ 


1 . 295 1 

> 7 .i 4 oxlo 3 

6.388x10 s 

1.275X10 4 

1.281x10 s 1 

2.949 540 1.339 


1 5 .o 44 klo 

6 . 012 X 10 6 

9.427X10 4 

i. 3 o 4 xio 7 

2.949 



1-337 



1 . 492 XL 0 4 ] 

1 .564x10 s 1 

2.789X10 4 

3.332x10 s 

2.958 

\ 

t 

1.374 



4.794xi0 3 

4.132x10 s 1 

8 . 977x10 s 

9.093x10 s 

3.161 

541 

1.389 



3.796XIO 4 

4.045x10 s 

7.379X10 4 

1 . 018 X 10 7 

3.168 



1.331 



1 . 482 X 10 4 

1.475x10 s 

2.885XIO 4 

3 .285x10 s 

3.166 

N 

f 

1.412 



3 . 376 X 10 3 

2.792x10 s : 

6 .568x10 s 

6 . 463 X 10 5 

3.389 

539 

1.424 



2 . 645 X 10 4 

3.085x10 s 

5 . 350 X 10 4 

7.322x10 s 

3. 402 



1.351 



l.l 4 ixio 4 

1 . 102 X 10 6 

2 . 313 XL 0 4 

2.587x10 s 

3 . 4 oo 

\ 

t 

1.386 

\ 

f 

2 .636x10 s 

1.927x10 s 

5 - 341 X 10 3 

4.528x10 s 

2.502 

546 

1.407 

.035 

2.939x10 s 

4.725X10 7 

4.991x10 s 

9. 508x10 7 


a See footnote, page 44. 
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TABLE II.- CALIBRATION FACTORS 8, FOR DATA FROM REFERENCE 6 - Concluded 


^0 

°R 

M s 

Tube 

height, 

in. 

f 2 (Tw)Rd 2 C f 

_ fl(Tv) %> sin_3 (^ 4 ). 

l 2 

f 2 (T’)R d 2 C f 


2.486 

546 

1.341 

0.035 

9.O96XIO 4 

1.190X10 7 

1.539X10 S 

2. 308X10 7 

2.482 

i/ 

1.462 



3.021X10 4 

3. 561x10 s 

5.106X10 4 

7.232X10 S 

2.729 

547 

1.461 



2 .187KLO 5 

3.487X10 7 

3.903X10 S 

7.360X10 7 

2.719 



1.386 



6.696XLO 4 

8.469x10 s 

1.193X10 5 

1.761X10 7 

2.704 

\ 

! 

l.4io 



2 .215X10 4 

2.307x10 s 

3-933X10 4 

4.731X10 S 

2.978 

540 

1.579 



1.402X10 5 

2 .113X10 7 

2.634x10 s 

: 4.937X10 7 

2.882 



l.44i 



5.079X10 4 

6.325x10 s 

9.368XIO 4 

1.370X10 7 

2.968 

\ 

( 

1.556 



1.334XL0 4 

1.379x10 s 

2.503X10 4 

3.156x10 s 

3.205 

542 

1.617 



1.063X10 5 

1.537XL0 7 

2.082X10 S 

3.786XIO 7 

3-162 



1.532 



4.038XL0 4 

4.909x10 s 

. 7.852X10 4 

1.174X10 7 

3-122 

\ 

f 

1.538 



1.146X10 4 

1.142X10 6 

2.212X10 4 

2.644x10 s 

3-399 

539 

1.601 



8.013X10 4 

1.116X10 7 

1.623X10 S 

2.792XIO 7 

3.383 



1-550 



3.681X10 4 

4.639x10 s 

7A3 7X10 4 

1.107X10 7 

3.385 

\ 

f 

I.630 1 

\ 

/ 

8 .io4xio 3 

7.637x10 s 

I.638XIO 4 

1.938XL0 6 

2.498 

546 

1.564 

.065 

9.809x10 s 

1.864x10 s 

: 1.664x10 s 

3.906x10® 

2.477 



1.501 



2.996x10 s 

4.688xio 7 

5.059X10 S 

9.526XIO 7 

2.471 

\ 

f 

1.592 



1.011X10 5 

1.356X10 7 

1.705X10 S 

2 .831XIO 7 

2.713 

547 

1.616 



7.757x10 s 

1.462X10® 

I.38OXLO 6 

3 .242X10® 

2.702 



1-559 



2.331X10 5 

3.584X10 7 

4.137X10 S 

7.819X10 7 

2.700 

M 

f 

1.579 



7.689X10 4 

9.612x10 s 

1.364KL0 5 

2 .064KL0 7 

2.962 

540 

1.715 



5.018X10 5 

8.723XIO 7 

9.401X10 5 

2 .101X10® 

2.898 



1.609 



1.689x10 s 

2.456X10 7 

3.126x10 s 

5.635X10 7 

2.935 

\ 

( 

1.857 



4.987X10 4 

6.873x10 s 

9.295X10 4 

1.731X10 7 

3.158 

542 

1.727 



4.062x10 s 

6 .693XIO 7 

7.892KL0 5 

1.686X10 8 

3-155 



1.683 



1.388KL0 5 

2.329XIO 7 

2 .696x10 s 

1.955XL0 7 

3 .142 

\ 

/ 

1.728 



3.789X10 4 

4.404x10 s 

7-339X10 4 

1.088X10 7 

3-4i4 

539 

1.800 



2.680X10 5 

4.403X10 7 

5.443X10 S 

1.173XCL0 8 

3.402 



1.713 



1.098KL0 5 

I.513XIO 7 

2 .225X10 S 

3.945X10 7 

3-403 


/ 

1.875 


y 

1 2.681X10 4 

3.063XL0 6 

5.434X10 4 

8.374x10 s 


Sutherland’ s formula was used instead of the approximate viscosity formula for computing 
the viscosity in the calibration factors; therefore, the values shown in table II differ some- 
what from those presented in reference 6. See equations (B13) and (Bl4) for the corrections 
that were applied. 





Section A - A 


Section B - B 


Rearward position 


Forward position 


Stanton tube 


Note: All dimensions are in inches 



Preston tube 


Figure 1.- Geometry of the Stanton tube and the Preston tube 



Note: All dimensions are in inches 


I 



Figure 2.- Relative locations of the boundary- layer probes and the skin- 
friction balance mounted on the side wall of the Ames 8- by 7-Foot 
Supersonic Wind Tunnel. 
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1 1 mi 


i «■■■■■■■ i mi 








Preston or Hsu, exp., refs. 25 and 26 

Zero displacement, from Coles' 

functions, ref. 30 


10 5 


1 


RjCf 


(a) Preston or Hsu (exp.) and Coles' functions. 

Figure 5.- Incompressible calibration curves for Preston tubes. 
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(b) Preston (exp.); and Smith and Walker (exp.). 


Figure 5.- Continued. 
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f 2 (Tv)R^( Ms/Moo) 


Present supersonic data 

Preston, Incompressible 

Zero displacement, from 

functions, ref. 30 


Least -squares fit for linear part c 
lo glo [f 2 (T w )R|(M s /M TO ) 2 ] 

=1.142 log 1Q [f 2 (T w )R|C i 





f s (T')Rj(M s /iO 



[fi(Tv) (R<a/^) sin-i('/o“ V s /vj ] 2 



(a) Present supersonic data. 

Figure 9.- Preston tube calibration based on the functional equation (Bll) 
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Figure 10 .- Reynolds number and Mach number effects on the linear portion 
of the Preston tube calibration based on the new functional equation 
developed herein (eq. (4)). Present supersonic data. 
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Figure 



:(T’)R|C f 

2.0X10 6 per foot. 


. - Continued. 




fa(T* )R^(M S /Mj 






f 2 (r )R?(Ms/»0 



Figure 10.- Concluded. 
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I 



f 2 (T w )R|Cf 

(a) V^/uoo = 1X10 6 per foot. 

Figure 11.- Reynolds number and Mach number effects on the linear portion 
of the Preston tube calibration based on the functional equation (Bll) 
Present supersonic data. 
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l.UR t w (m s ) 



(a) Moo = 3-0. 

Figure 14 . - Estimated effect of heat transfer on the Preston tube cali- 
bration at several Mach numbers when the calibration factors are 
based on wall conditions; sharp leading edge. 
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1.4R T w (M s ) 2 d : 



Pw( ^w ) 2 


(a) - 3.0. 

Figure 15.- Estimated effect of heat transfer on the Preston tube cali- 
bration at several Mach numbers when the calibration factors are 
based on wall conditions j blunt leading edge. 
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^w)a& 

0 

0.6 (Also; Preston* s 

incompressible 

exp., ref. 25) 



2rd 2 

p w (^) 2 


(c) « T.o. 

Figure 15*- Concluded. 
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■Rearward position 
■ Forward position 
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Figure 20.- Variation of local skin-friction coefficient with Reynolds 
number based on momentum thickness. Present data. 



Figure 21.- Variation of local skin-friction 
number based on momentum thickness. Data 
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Figure 21.- Continued. 
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Figure 22.- Comparison of experimental local skin-friction data on a generalized 
"basis with Cp-Rg theory of Sommer and Short. 
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Figure 23.- Comparison of experimental local skin-friction data on a generalized basis with Cf-R# 
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Figure 2k. - Relationship between R x and R q at various Mach numbers as 
given by the T' method of Sommer and Short. Adiabatic flat plate 
with Tt = 600 °R. 
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